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INTRODUCTION 


Over  100  years  ago,  Paul  Ehrlich  coined  the  tenn  “magic  bullet”  to  describe  a  substance  able  to 
seek  out  and  kill  disease-causing  cells  while  leaving  normal  ones  unaffected  -  a  concept  that 
continues  to  guide  the  design  of  therapeutics.  The  targeting  strategy  that  we  have  pursued  has  the 
high  selectivity  that  Paul  Ehrlich  sought.  We  have  assembled  small  molecules  (termed 
“bifunctional  conjugates”)  that  can  (a)  target  receptors  on  the  cancer  cell  surface  and  (b) 
simultaneously  recruit  a  naturally-occurring  human  antibody  to  the  tumor  cell.  The  antibody 
recognition  event  subsequently  results  in  acute  destruction  of  the  unwanted  cancer  cells. 
Importantly,  multivalent  interactions  dictate  the  recruitment  of  this  antibody  to  the  cell  surface; 
the  antibody  will  bind  tightly  only  to  a  high-density  array  of  the  bifunctional  conjugate.  As  such, 
that  display  is  created  on  tumor  cells  expressing  high  levels  of  the  specific  cell-surface  receptor 
but  not  on  normal  cells.  We  have  demonstrated  that  this  strategy  is  effective  and  affords 
exquisite  sensitivity.  Indeed,  our  synthetic  bifunctional  ligands  selectively  kill  tumor  over 
nonnal  cells.  These  results  have  been  presented  at  3  venues  at  scientific  meetings,  and  yielded  2 
peer-reviewed  publications.  Our  results  to  date  serve  as  a  basis  for  implementing  and  testing  our 
strategy  in  pre-clinical  and  translational  studies. 
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BODY 


A  key  initial  goal,  as  outlined  in  Task  1,  was  to  chemically  synthesize  bifunctional  conjugates 
that  could  serve  as  anti-cancer  agents.  The  compounds  consist  of  a  high-affinity  cancer  cell¬ 
targeting  agent  linked  to  the  low-affinity  immunogenic  carbohydrate  epitope  known  as  alpha- 
Gal.  We  identified  a  tight-binding  peptidomimetic  ligand  (an  RGD  analog)  for  alpha(v)  beta(3) 
integrin,  assembled  the  carbohydrate  with  a  linker  for  attachment,  and  developed  a  strategy  to 
conjugate  these  two  motifs  together  (Compound  1,  Figure  1).  Our  route  is  modular  and  therefore 
can  be  used  to  connect  any  cell-surface  targeting  agent  to  the  alpha-Gal  oligosaccharide  (or  any 
other  functional  epitope).  In  the  course  of  our  studies,  we  have  exploited  the  modularity  of  our 
synthetic  approach  to  generate  a  fluorescent  integrin  ligand  and  a  conjugate  of  the  integrin  ligand 
to  the  anti-cancer  agent  doxorubicin  (vide  infra). 

With  our  bifunctional  ligand  in  hand,  we  examined  its  ability  to  interact  with  the  relevant  target 
proteins:  the  alpha(v)  beta(3)  integrin  and  the  anti-Gal  antibody  {Task  2).  One  preliminary 
objective  was  to  determine  whether  this  bifunctional  compound  could  bind  to  cancer  cells  that 
display  alpha(v)  beta(3)  integrin.  We  devised  a  cell-binding  assay  in  which  the  ability  of  a 
compound  to  inhibit  binding  of  alpha(v)  beta(3)  integrin-positive  cells  to  fibrinogen  and/or 
vitronectin.  We  found  that  our  bifunctional  ligands  serve  as  potent  cell  adhesion  inhibitors  (low 
nanomolar  IC50  values),  indicating  that  they  are  excellent  integrin  ligands.  These  results  are 
described  in  a  publication  in  ChemBioChem  (see  attached).  We  have  also  detected  binding  of  the 
integrin  ligand  to  alpha(v)  beta(3)-displaying  cells  using  a  fluorescent  peptidomimetic  derivative 
(Compound  3,  Figure  1).  Using  fluorescence  microscopy  and  flow  cytometry,  we  demonstrated 
that  this  probe  interacts  with  cells  alpha(v)  beta(3)-positive  but  not  alpha(v)  beta(3)-negative 
cells  (Carlson  et  ah,  ACS  Chem.  Biol.  2007,  2,  347-355,  see  attached).  These  data  demonstrate 
that  the  bifunctional  conjugate  binds  to  the  target  cell  surface  receptor. 

To  determine  whether  the  alpha-Gal  epitope  within  the  bifunctional  ligand  can  interact  with  anti- 
Gal  antibodies,  we  used  flow  cytometry.  We  treated  cells  displaying  alpha(v)  beta(3)  integrin 
with  the  compound  and  normal  human  serum  (a  source  of  anti-Gal)  to  test  whether  the  alpha-Gal 
epitope  was  effectively  displayed  on  the  cell  surface  and  could  be  bound  by  the  antibodies. 
Indeed,  we  could  detect  the  interaction  of  anti-Gal  in  the  flow  cytometer  with  treated  but  not 
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untreated  cells  (Owen  et  al.,  ChemBiochem  2007,  8,  68-82).  These  results  indicate  that  both 
epitopes,  the  integrin  binding  and  the  anti-Gal  binding  moieties,  are  functional. 

With  support  that  the  designed  conjugate  1  was  indeed  bifunctional  (i.e.,  it  binds  the  requisite 
proteins),  we  asked  whether  its  ability  to  recruit  anti-Gal  to  a  tumor  cell  surface  would  result  in 
cell  lysis.  To  this  end,  we  exposed  cells  (human  melanoma  line  WM1 15)  that  display  high  levels 
of  alpha(v)  beta(3)  integrin  to  the  bifunctional  ligand  and  human  serum.  This  mixture  contains 
not  only  anti-Gal  antibodies,  but  also  all  the  complement  proteins  necessary  to  effect  cyto lysis. 
Using  a  fluorescence-based  complement-mediated  cytotoxicity  assay  (as  proposed  in  Task  3),  we 
assessed  the  ability  of  our  bifunctional  conjugate  to  promote  tumor  cell  killing.  Compound  1  was 
shown  to  be  highly  effective  in  this  assay  (Carlson  et  al.,  ACS  Chem.  Biol.  2007,  2,  347-355,  see 
attached).  These  results  illustrate  that  the  designed  bifunctional  ligand  can  recruit  endogenous 
antibodies  (anti-Gal)  as  well  as  complement  to  kill  tumor  cells. 

A  key  feature  of  our  strategy  is  that  it  relies  on  multivalency  and  therefore  was  designed  to  be 
highly  specfic.  We  envisioned  that  our  approach  could  discriminate  not  only  between  cells  with 
and  without  the  target  receptor,  but  also  between  cells  with  the  low  and  high  levels  of  the  target. 
Thus,  we  sought  to  investigate  how  the  amount  of  cell  surface  integrin  influences  cells  killing. 
For  such  a  comparison,  we  needed  a  panel  of  various  tumor  cell  lines  presenting  different  levels 
of  the  alpha(v)  beta(3)  integrin.  As  proposed  in  Task  2,  we  quantified  these  levels  using 
fluorescein-labeled  integrin  ligand  3  as  a  probe.  When  these  different  cell  lines  were  tested  in  our 
cytoxocity  assay,  only  tumor  cells  with  high  levels  of  the  cell-surface  integrin  were  killed; 
“normal”  cells  -  those  displaying  low  levels  -  were  unaffected  in  our  assay  (Carlson  et  al.,  ACS 
Chem.  Biol.  2007,  2,  347-355,  see  attached).  These  results  underscore  the  high  selectivity  of 
using  multivalent  interactions  to  discriminate  between  cells. 

We  wanted  to  compare  the  cell  type  selectivity  we  achieved  with  our  multivalent  targeting  to 
that  obtained  with  a  conventional  targeted  chemotherapeutic.  Accordingly,  in  the  past  grant 
period,  we  synthesized  a  new  conjugate  in  which  the  well  known  chemotherapeutic  agent 
doxorubicin  was  appended  to  our  tumor-homing  agent  (Compound  2,  Figure  1).  We  tested  this 
compound  in  a  cellular  cytotoxocity  assay  to  compare  the  cell-killing  selectivities  of  compounds 
1  and  2.  Interestingly,  with  the  traditional  targeting  agent  2,  all  the  cells  displaying  the  alpha(v) 
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beta(3)  integrin  were  susceptible  to  killing,  regardless  of  the  level  of  cell-surface  integrin  (Figure 
2).  In  contrast,  compound  1  exhibited  high  selectivity  and  only  triggered  a  cytotoxic  response 
with  cells  that  had  high  levels  of  the  integrin.  These  results  highlight  the  superior  specificity  of 
the  strategy  we  have  devised. 

As  stated  previously,  we  postulated  that  our  bifunctional  conjugate  achieves  cell  killing  through 
multivalent  binding — both  anti-Gal  binding  and  complement-mediated  cell  killing  involve 
multiple  interactions.  We  reasoned  that  we  could  test  for  such  a  mechanism  by  examining  the 
percentage  of  cell  killing  relative  to  bifunctional  conjugate  concentration.  Specifically,  if  cell 
killing  depends  on  multivalent  interactions,  cell  killing  should  be  highly  sensitive  to  ligand 
concentration.  Indeed,  we  observed  that  the  concentration  of  ligand  1  has  a  dramatic  effect  on  its 
ability  to  mediate  cell  killing  (Figure  3).  In  contrast,  there  is  a  much  more  gradual  concentration 
dependence  for  doxorubicin  conjugate  2.  These  data  support  our  mechanistic  hypothesis 
underlying  the  anti-cancer  strategy  we  have  developed. 

Given  the  success  of  our  studies  to  date,  we  plan  to  test  our  bifunctional  conjugates  in  vivo.  Our 
plan  was  to  test  conjugate  2  in  a  mouse  xenograft  model.  One  complicating  feature  of  conducting 
such  an  in  vivo  test  is  that  mice  display  the  alpha-Gal  epitope  on  their  cell  surfaces; 
consequently,  unlike  humans  they  do  not  produce  anti-Gal  antibodies.  An  alpha-Gal  knockout 
(KO)  mouse  has  been  generated,  however,  by  deleting  the  glycosyltransferase  that  generates  the 
alpha-Gal  epitope.  This  strain  is  available  to  us  (graciously  provided  by  Dr.  Galili). 

A  second  requirement  for  in  vivo  testing  is  to  implant  xenografts  that  are  both  alpha(v)  beta(3) 
integrin-positive  and  alpha-Gal  negative.  To  this  end,  we  tested  a  variety  of  murine  cancer  cell 
lines  for  the  latter  attribute.  Using  an  enzyme-linked  immunosorbent  assay  (ELISA,  Figure  4), 
we  identified  that  B16F10  cell  line  as  lacking  the  alpha-Gal  epitope.  Moreover,  several  examples 
in  the  literature  used  this  cell  line  in  a  xenograft  model.  We  next  examined  whether  this  cell  line 
displays  alpha(v)  beta(3)  integrin.  We  employed  both  the  RGD-fluorescein  probe  and  antibodies 
directed  against  the  heterodimeric  receptor.  These  experiments  indicated  that,  while  alpha(v) 
beta(3)  appears  to  be  present,  its  cell  surface  concentration  is  low  (data  not  shown).  Given  this 
result,  we  are  currently  investigating  methods  to  increase  the  number  of  integrin  markers  (i.e., 
transfection  of  the  receptor)  and  examining  other  cell  types  that  might  have  both  of  the  key 
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characteristics  required  to  test  our  strategy  in  vivo.  It  is  these  experiments  we  hope  to  pursue  in 
future  studies. 


KEY  RESEARCH  ACCOMPLISHMENTS 


■  Synthesized  a  functionalized  RGD  peptidomimetic  ligand  (with  a  linker  and  a  handle  for 
later  bioconjugation  reactions)  that  maintains  high  affinity  and  excellent  selectivity  for 
alpha(v)  beta(3)  integrin. 

■  Synthesized  of  a  bifunctional  conjugate  composed  of  an  immunogenic  trisaccharide 
(alpha-Gal)  attached  to  the  RGD  mimetic  (compound  1). 

■  Demonstrated  that  the  bifunctional  ligand  1  can  bind  selectively  to  cells  displaying  the 
alpha(v)  beta(3)  integrin. 

■  Found  that  the  bifunctional  ligand  can  bind  simultaneously  to  both  alpha(v)  beta(3) 
integrin  and  the  anti-Gal  epitope  1. 

■  Developed  a  fluorescence-based  assay  for  complement-dependent  cytotoxicity 

■  Showed  that  the  bifunctional  ligand  1  can  promote  anti-Gal  recruitment  to  tumor  cells 
and  subsequent  complement-mediated  killing  of  tumor  cells. 

■  Synthesized  a  traditional  anti-cancer  agent  consisting  of  the  toxin  doxorubicin  and  the 
integrin  ligand  (compound  2). 

■  Identified  a  panel  of  tumor  cell  lines  expressing  different  levels  of  the  alpha(v)  beta(3) 
integrin  using  compound  3. 

■  Demonstrated  that  bifunctional  ligand  1  promotes  selective  cell  killing  and  that  only 
those  cells  with  high  levels  of  surface  integrin  are  destroyed.  We  also  showed  that  this 
cytotoxicity  profile  is  dramatically  different  than  that  of  traditional  targeted  anti-cancer 
agents,  such  as  conjugate  2. 
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REPORTABLE  OUTCOMES 


Peer-reviewed  manuscripts 

1.  Owen,  R.M.,  Carlson,  C.B.,  Xu,  J.,  Mowery,  P.,  Fasella,  E.,  Kiessling,  L.L.  “Bifunctional 
ligands  that  target  cells  displaying  the  alpha(v)  beta(3)  integrin”  ChemBioChem  2007 
5(1),  68-82. 

2.  Carlson,  C.B.,  Mowery,  P.,  Owen,  R.M.,  Dykhuizen,  E.C.,  Kiessling,  L.L.  “Selective 
tumor  cell  targeting  using  low-affinity,  multivalent  interactions”  ACS  Chem.  Biol.  2007 
2(2),  119-127. 

News  and  attention  from  scientific  community 

The  2007  paper  published  in  ACS  Chemical  Biology  did  receive  some  noteworthy  attention 

from  the  scientific  community  and  was  highlighted  in  various  places  around  the  web. 

3.  Our  research  article  was  featured  on  the  cover  of  the  Feb  2007  issue  of  the  journal. 

http  ://pubs3 .  acs.org/ acs/j  oumals/toc  .page?  incoden=acbcct&involume=2&inissue=2 

4.  News  highlight  in  Chemical  and  Engineering  News,  “Strength  in  numbers”  written  by 
Celia  Henry  Arnaud. 

http://pubs.acs.org/cen/news/85/i08/8508notw6.html 

Poster  /  Oral  presen  tations 

5.  C.B.  Carlson,  R.M.  Owen,  P.  Mowery,  J.A.  Hank,  P.M.  Sondel,  L.L.  Kiessling. 
“Bifunctional  immunotherapeutic  agents  for  the  treatment  of  cancer.”  Abstracts  of 
Papers,  228th  ACS  National  Meeting,  Philadelphia,  PA  (2004). 

6.  C.B.  Carlson,  R.M.  Owen,  P.  Mowery,  E.C.  Dyhuizen,  L.L.  Kiessling.  “Bifunctional 
ligands  for  selective  cell  targeting  via  multivalent  interactions”.  AACR-NCI-EORTC 
International  Conference,  Philadelphia,  PA  (2005). 

Funding  applied  for  based  on  work  supported  by  this  award 

Based  on  the  progress  I  achieved  with  this  basic  science  award,  my  co-mentors  (Laura 

Kiessling  and  Paul  Sondel)  are  now  pursuing  translational  science  and  will  be  submitting  the 

next  phase  of  this  project  to  the  DoD  ovarian  cancer  mechanism  for  a  new  grant. 

7.  Dept,  of  Defense  Ovarian  Cancer  Research  Program  Application,  Translational  Research 
Partnership  “ Ovarian  Cancer  Immunotherapy  Using  Redirected  Endogenous  Anti-Gal 
Antibody”. 

Patents,  licenses,  degrees,  cell  line  development,  tissue  or  serum  repositories,  etc. 

N/A 
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CONCLUSION 

This  project  has  allowed  us  to  blend  various  area  of  science  (e.g.,  xenotransplantation, 
synthetic  organic  chemistry,  immunology,  and  the  integrin  family  of  receptors)  to  tell  a 
complete  story  that  highlights  molecular  recognition  on  various  levels.  Additionally,  our 
basic  research  has  produced  a  lead  compound  that  we  hope  to  carry  through  further  to 
pre-clinical  and  translational  studies. 

REFERENCES 
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can  be  found  in  our  ChemBioChem  and  ACS  Chemical  Biology  publications. 

APPENDICES 

Please  refer  to  the  ChemBioChem  and  ACS  Chemical  Biology  journal  articles  below. 
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SUPPORTING  DATA 


Figure  1.  Structures  of  bifunctional  molecules  used  in  the  reported  anti-cancer  studies.  Compound  1,  which  consists 
of  an  alpha(v)  beta(3)  integrin  ligand  linked  to  the  alpha-Gal  trisaccharide,  was  designed  to  test  the  feasibility  of  the 
new  anti-cancer  strategy  that  depends  upon  multivalent  binding.  Bifunctional  conjugate  2  is  composed  of  the  integrin 
ligand  linked  to  doxorubicin  (Dox),  an  anti-cancer  agent  used  in  the  clinic;  its  ability  to  kill  tumor  cells  does  not 
depend  on  multivalent  binding.  Attachment  of  a  fluorophore  to  the  integrin  ligand  generates  fluorescent  probe  3, 
which  was  employed  in  microscopy  and  flow  cytometry. 


A 


Dox  conjugate  2  Dox 


B 


Bifunctional  conjugate  1  +  human  serum 


Figure  2.  Bifunctional  conjugate 
1  mediates  selective  cell  killing. 

a)  Four  cell  lines  were  treated 
with  compound  1  and  their  cell 
viability  was  assessed  using  a 
standard  tetrazolium  salt-based 
(MTT)  assay.  Treatment  with  the 
Dox  conjugate  resulted  in  >50% 
cell  death,  irrespective  of  the 
levels  of  alpha(v)  beta(3)  integrin 
(red).  Unmodified  Dox  (25  nM) 
had  no  effect  on  the  cells  (black); 

b)  Data  from  all  nine  cell  lines 
tested  in  the  complement- 
dependent  cytotoxicity  assay.  The 
cell  lines  that  were  lysed 
efficiently  following  treatment 
with  bifunctional  ligand  1 

(10  nM)  and  human  serum  are 
shown  in  red;  those  that  were 
unaffected  are  depicted  in  black. 
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number  of  avP3  integrins  (xio3) 


B 


Figure  3.  Features  of  cell  recognition  by  multivalent  interactions.  A:  The  number  of  alpha(v)  beta(3)  integrin 
receptors  available  for  binding  is  plotted  against  the  percentage  of  dead  cells  (data  from  Figure  2).  A  minimum 
number  of  cell-surface  target  receptors  is  required  to  generate  a  functional  multivalent  interaction  with  anti-Gal 
antibodies  following  treatment  with  bifunctional  conjugate  1.  The  dashed  black  curve  denotes  the  activity  of  the  Dox 
conjugate  2.  It  kills  cells  displaying  high  and  low  levels  of  the  target  receptor.  Conversely,  cells  with  a  low 
concentration  of  integrin  receptor  are  unaffected  by  alpha-Gal-mediated  cytotoxicity,  as  shown  by  the  solid  red 
curve.  B.  Dose  response  curves  for  compounds  2  (Dox  conjugate,  black)  or  1  (bifuncitional  ligand,  red).  There  is 
marked  concentration  dependence  for  the  ability  of  compound  1  to  effect  cell  death,  which  is  indicative  of  a  process 
involving  cooperative  multivalent  interactions.  The  gradual  dependence  on  concentration  for  the  doxorubicin 
conjugate  2  is  typical  of  a  process  that  involves  monovalent  interactions. 


log  cell  density  (million  /  mL) 

Figure  4.  ELISA  to  test  for  alpha-Gal  epitope  on  the  surface  of  murine  tumor  cell  lines.  This  experiment  was 
adapted  from  a  published  procedure  (see  Reference  1).  B16F10  cells  (green  curve)  were  determined  to  not  have 
alpha-Gal  present  on  its  cell  surface,  as  compared  to  CMT-93,  MOSEC,  and  RM-1. 
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One  hundred  years  have  passed  since  Paul 

Ehrlich  coined  the  term  “magic  bullet”  to  de¬ 
scribe  a  chemotherapeutic  that  seeks  out  and 
kills  disease-causing  cells  while  leaving  normal  ones 
unaffected  (1).  This  visionary  concept  remains  an  inspi¬ 
ration  for  many  targeted  drug  strategies.  Indeed,  numer¬ 
ous  anticancer  drugs  rely  on  the  high-affinity  mono¬ 
valent  interaction  between  a  cell-binding  agent  ( e.g ., 
monoclonal  antibody  or  fragment  thereof)  and  a  tumor- 
associated  antigen  to  direct  a  cytotoxic  moiety  selec¬ 
tively  to  the  tumor  (2).  Despite  the  potential  advantages 
of  this  strategy,  this  mode  of  cell  recognition  is  abiotic. 
One  critical  consequence  of  such  non-natural  recogni¬ 
tion  is  that  it  often  lacks  the  required  selectivity.  Thus, 
the  toxin  can  also  be  delivered  to  normal  cells  with  low 
levels  of  the  target  receptor. 

In  physiological  systems,  multiple  low-affinity  interac¬ 
tions  are  used  to  distinguish  one  cell  type  from  another 
{3,  4).  We  have  shown  previously  that  a  multivalent  pre¬ 
sentation  can  improve  not  only  the  affinity  but  also  the 
specificity  of  ligand-receptor  interactions  (5,  6).  On  the 
basis  of  these  results,  we  sought  to  compare  the  selec¬ 
tivity  of  a  traditional  cell-targeting  approach  to  an  alter¬ 
native  that  mimics  natural  cell  recognition  processes. 

Our  multivalent  targeting  strategy  exploits  a  pre¬ 
existing  immune  response  that  poses  a  major  barrier  to 
xenotransplantation.  The  immunological  differences  be¬ 
tween  humans  and  most  other  mammals  have  pre¬ 
vented  the  transfer  of  tissue  and  organs  across  species 
C 7 ).  The  galactosyl-(l-3)galactose  (a-Gal)  carbohydrate 
epitope  is  abundantly  expressed  on  the  surface  of 
nearly  all  mammalian  and  bacterial  cells  (<3).  Humans, 
apes,  and  Old  World  monkeys,  however,  do  not  display 
a-Gal  on  their  cell  surfaces  because  they  lack  the  func¬ 
tional  glycosyltransferase  that  catalyzes  the  assembly  of 


ABSTRACT  This  report  highlights  the  advantages  of  low-affinity,  multivalent  in¬ 
teractions  to  recognize  one  cell  type  over  another.  Our  goal  was  to  devise  a  strat¬ 
egy  to  mediate  selective  killing  of  tumor  cells,  which  are  often  distinguished  from 
normal  cells  by  their  higher  levels  of  particular  cell  surface  receptors.  To  test 
whether  multivalent  interactions  could  lead  to  highly  specific  cell  targeting,  we 
used  a  chemically  synthesized  small-molecule  ligand  composed  of  two  distinct  mo¬ 
tifs:  (1)  an  Arg-Gly-Asp  (RGD)  peptidomimetic  that  binds  tightly  (Kd  10-9  M)  to 
avp3  integrins  and  (2)  the  galactosyl-a(l-3)galactose  (a-Gal  epitope),  which  is  rec¬ 
ognized  by  human  anti-a-galactosyl  antibodies  (anti-Gal).  Importantly,  anti-Gal 
binding  requires  a  multivalent  presentation  of  carbohydrate  residues;  anti-Gal  an¬ 
tibodies  interact  weakly  with  the  monovalent  oligosaccharide  ( Ka  <»  10-5  M)  but 
bind  tightly  (Kd  ~  10-11  M)  to  multivalent  displays  of  a-Gal  epitopes.  Such  a  dis¬ 
play  is  generated  when  the  bifunctional  conjugate  decorates  a  cell  possessing  a 
high  level  of  av(33  integrin;  the  resulting  cell  surface,  which  presents  many  a-Gal 
epitopes,  can  recruit  anti-Gal,  thereby  triggering  complement-mediated  lysis.  Only 
those  cells  with  high  levels  of  the  integrin  receptor  are  killed.  In  contrast,  doxoru¬ 
bicin  tethered  to  the  RGD-based  ligand  affords  indiscriminate  cell  death.  These  re¬ 
sults  highlight  the  advantages  of  exploiting  the  type  of  the  multivalent  recogni¬ 
tion  processes  used  by  physiological  systems  to  discriminate  between  cells.  The 
selectivity  of  this  strategy  is  superior  to  traditional,  abiotic,  high-affinity  targeting 
methods.  Our  results  have  implications  for  the  treatment  of  cancer  and  other  dis¬ 
eases  characterized  by  the  presence  of  deleterious  cells. 
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Figure  1.  Graphical  representation  of  cell-targeting  strategy  based  on  mul¬ 
tivalent  binding.  A  bifunctional  conjugate  (represented  by  the  blue 
circles  attached  to  red  diamonds)  binds  with  high  affinity  to  a  cell-surface 
receptor  ( e.g .,  integrin)  that  is  present  in  high  concentration  on  a  target 
cell.  The  blue  circle  represents  an  integrin  ligand.  The  low-affinity  a-Gal 
epitope  (red  diamond)  recruits  bivalent  anti-Gal  IgG  (green)  and  decavalent 
anti-Gal  IgM  (green)  when  a  noncovalent  multivalent  array  is  assembled 
on  the  cell  surface,  a)  Cells  displaying  high  levels  of  the  target  receptor  re¬ 
cruit  the  antibody,  which  results  in  complement-mediated  cell  death,  b) 
Cells  with  low  levels  of  the  target  receptor  are  unaffected,  because  the 
monovalent  anti-Gal  interaction  is  weak. 

this  structure  (9).  Consequently,  these  species  generate 
high  concentrations  of  antibodies  to  this  antigen.  In  hu¬ 
mans,  as  much  as  2%  of  the  total  IgG  circulating  in  the 
bloodstream  is  anti-Gal  (10),  and  the  decavalent  anti-Gal 
IgM  isotype  accounts  for  3-8%  of  the  total  IgM  (10, 

11).  These  high  antibody  titers  are  maintained  in  hu¬ 
mans  throughout  their  lives,  presumably  in  response  to 
constant  exposure  to  a-Gal  found  on  bacteria  within  the 
normal  intestinal  flora  (12). 

Anti-Gal  antibodies  are  potent  activators  of  the  classi¬ 
cal  complement  pathway  and  are  responsible  for  the  hy¬ 
peracute  rejection  of  xenotransplanted  organs  (13,  14). 
Like  many  carbohydrate-binding  proteins,  anti-Gal  anti¬ 
bodies  interact  only  weakly  with  a  single  a-Gal  epitope 
(Kd  10  pM)  but  bind  with  higher  functional  affinity 
(Kd  ~  1CT11  M)  to  multivalent  arrays  of  the  saccharide 
(15,  16).  Thus,  the  apparent  binding  affinity  of  anti-Gal 
is  proportional  to  the  valency  of  a-Gal  epitopes  pre¬ 
sented.  We  envisioned,  therefore,  that  anti-Gal  antibod¬ 
ies  could  be  recruited  to  selectively  target  unwanted  cells 
that  display  high  levels  of  a-Gal. 

Bifunctional  conjugates  that  bind  to  a  cell-surface  re¬ 
ceptor  and  present  a-Gal  should  render  tumor  cells  sus¬ 
ceptible  to  lysis.  It  has  been  shown  that  circulating  anti¬ 
bodies  can  be  redirected  to  a  target  cell  using  small 
molecules  (17-19),  and  synthetic  conjugates  of  a-Gal 
have  been  prepared  (20-23).  These  studies,  however, 
do  not  address  the  importance  of  multivalent  binding, 
and  the  selectivity  of  such  agents  for  cell  targeting  is  un¬ 
known.  Our  objective  was  to  test  the  utility  and  specific¬ 
ity  of  multivalent  interactions  for  targeting  cells  (Rgure  1).  A 
synthetic  bifunctional  ligand,  which  uses  noncovalent  in¬ 
teractions  to  create  a  multivalent  display  on  the  cell  sur¬ 
face,  can  recruit  endogenous  human  anti-Gal  antibodies 
to  achieve  highly  selective  cell  killing. 


RESULTS  AND  DISCUSSION 

Design  and  Synthesis  of  Bifunctional  Conjugates. 

To  test  our  hypothesis,  we  needed  a  model  system 
with  a  cell-surface  receptor  that  is  up-regulated  on  tar¬ 
get  cells  but  produced  only  at  low  levels  by  normal  cells. 
We  selected  the  avp3  integrin.  The  integrins  are  a  super¬ 
family  of  heterodimeric  proteins  that  mediate  cell-cell 
attachment  and  cellular  adhesion  to  the  extracellular 
matrix  (24-26)-,  many  integrins  act  through  recognition 
of  the  RGD  tripeptide  motif  (27,  28).  The  avp3  integrin  is 
displayed  in  elevated  levels  on  both  invasive  tumor 
cells  and  the  endothelium  of  the  tumor  vasculature 
(29-35).  Because  avp3  is  a  potential  therapeutic  target 
in  cancer  research,  a  wide  range  of  small-molecule  li¬ 
gands  are  known  (36-38).  Several  of  these  compounds 
have  been  successfully  modified  for  applications  that  in¬ 
clude  molecular  imaging,  gene  therapy,  radiotherapy, 
and  targeted  drug  delivery  (38,  39). 

DeGrado  and  coworkers  previously  identified  the 
nonpeptidic  RGD  mimetic  1  (Figure  2)  as  a  ligand  that 
binds  potently  and  selectively  to  avp3  over  related  inte¬ 
grins  (40).  Guided  by  the  structure  of  the  extracellular 
segment  of  avp3  bound  to  a  cyclic  RGD  peptide  deriva¬ 
tive  (41),  we  devised  compound  2  (Figure  2).  This  com¬ 
pound  possesses  a  linkerterminatingin  an  amino  group 
for  subsequent  modification.  Like  the  parent  ligand  1, 
derivatives  of  2  bind  toavp3  with  high  affinity  and  selec¬ 
tivity  (42).  We  used  amine  2  to  prepare  three  different  bi¬ 
functional  ligands.  First,  we  treated  compound  2  with 
fluorescein  isothiocyanate  to  generate  probe  3  (Rgure  2), 
which  provides  a  means  to  analyze  the  levels  of  avp3  on 
various  cell  lines.  Second,  we  chemically  modified  dox¬ 
orubicin  (DOX)  (43)  so  that  it  could  be  appended  to  com¬ 
pound  2  to  yield  the  cytotoxic  agent  4  (Figure  2).  This 
conjugate  should  exert  its  deleterious  effects  subse¬ 
quent  to  monovalent  binding  to  the  cell  surface.  Finally, 
we  used  conjugate  5,  which  was  generated  via  di¬ 
methyl  squarate-mediated  coupling  (44)  between  com¬ 
pound  2  and  the  Gala(l-3)Gaip(l-4)Glc  trisaccharide 
possessing  an  amine-bearing  polyethylene  glycol) 
linker  (Figure  2)  (42). 

Evaluating  Cell-Surface  Receptor  Levels.  To  investi¬ 
gate  the  ability  of  bifunctional  conjugate  5  to  selec¬ 
tively  induce  cytotoxicity,  we  required  cells  displaying 
varying  amounts  of  avp3  integrin.  Flow  cytometry  has 
been  used  previously  to  assess  the  concentration  of 
both  av  and  p3  integrin  subunits,  as  well  as  the  het¬ 
erodimer,  on  different  cell  lines  (34,  35,  45,  46).  Anti- 
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Figure  2.  Chemical  structures  of  small-molecule  integrin  ligands  used  in  this  study.  The  parent  compound  1  is  a  peptido- 
mimetic  that  selectively  binds  the  avp3  integrin.  It  inspired  the  design  of  2,  which  bears  a  linker  for  conjugation  to  other 
moieties.  Compound  2  can  be  functionalized  to  append  a  fluorophore  (3),  a  cancer  chemotherapeutic  (4),  or  the  a-Gal 
carbohydrate  epitope  (5). 


bodies  are  typically  used  to  measure  integrin  levels 
{e.g.,  anti-human  integrin  monoclonal  antibody  followed 
by  a  secondary  fluorescein-labeled  antibody).  The  num¬ 
ber  of  functionally  active  avp3  integrins  on  the  cell  sur¬ 
face,  however,  is  the  relevant  parameter  for  our  target¬ 
ing  strategy.  Thus,  we  took  a  direct  approach  to  detect 
those  receptors  accessible  to  the  integrin  ligand. 

Using  fluorescent  integrin  ligand  3,  we  determined 
the  number  of  active  avp3  integrins  on  the  cell  surface. 
We  conducted  titration  experiments  using  nine  different 


log  [3],  pM 


Figure  3.  Analysis  of  av(J3  integrin  levels  on  target  cell  lines,  a)  A  binding  curve  gen¬ 
erated  using  flow  cytometry  for  interaction  of  the  fluorescein-labeled  derivative  3 
with  WM115  cells.  The  apparent  dissociation  constant  (Kd)  for  this  interaction  was 
0.5  ±  0.04  nM.  b)  Histogram  showing  the  number  of  cell-surface  integrins  measured 
using  flow  cytometry  with  a  saturating  concentration  of  derivative  3  (10  nM)  and  vari¬ 
ous  cell  lines. 


human  cancer  cell  lines,  including  451Lu,  1205Lu, 

M21,  MCF7,  MDA-MB-231,  Saos-2,  SLK,  WM115,  and 
WM164.  The  modified  integrin  ligand  bound  with  simi¬ 
lar  affinity  to  each  cell  type  (average  Kd  value  of  1.14  ± 
1.05  nM;  Figure  3,  panel  a,  and  Supporting  Information). 
These  results  are  consistent  with  previously  reported 
binding  data  (40).  We  used  a  saturating  concentration 
of  probe  3  (10  nM)  to  measure  the  mean  fluorescence 
intensity  (MFI)  for  each  cell  line.  In  this  way,  we  could 
compare  MFI  values  (calibrated  with  fluorescent  micro¬ 
spheres)  to  quantitate  the  lev¬ 
els  of  “targetable”  avp3  integrin 
(Figure  3,  panel  b).  M21  and 
WM115  cells  displayed 
>100,000  receptors  per  cell, 
and  we  classified  these  levels 
as  high.  MCF7,  MDA-MB-231, 
and  Saos-2  cells  had  much 
lower  levels  of  this  integrin 
(<10,000  per  cell).  The  amount 
of  detectable  cell-surface  avp3 
on  the  remaining  cell  lines 
(451L.U,  1205L.U,  SLK,  and 
WM164)  was  intermediate. 
Thus,  with  a  series  of  cell  lines 
possessing  different  amounts 
of  the  target  receptor,  we  were 
poised  to  assess  the  impor¬ 
tance  of  multivalent  binding. 
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Figure  4.  Recruitment  of  anti-Gal  antibodies  to  the  cell  surface  via  binding  of  the  bifunctional  conjugate  5.  Representa¬ 
tive  flow  cytometry  plots  illustrating  the  binding  of  anti-Gal  IgG  and  IgM  to  a)  WM115  cells  (high  levels  of  uv(i3)  and 
b)  MCF7  cells  (low  levels  of  avp3).  The  MFI  was  measured  after  cells  were  treated  with  5,  incubated  with  heat- 
inactivated  HS,  and  labeled  with  fluorescein-conjugated  goat  anti-human  IgG  or  IgM  secondary  antibodies.  WM115 
cells  showed  a  positive  log  shift  compared  with  untreated  controls.  No  antibody  binding  was  detected  to  MCF7  cells. 


Cell  and  Antibody  Binding  of  Bifunctional  «-Gal 
Conjugate  5.  For  our  synthetic  conjugate  to  function  as 
designed,  it  must  simultaneously  bind  av(S3  and  anti-Gal 
antibodies.  As  mentioned  above,  we  recently  reported 
the  utility  of  a  series  of  a-Gal-conjugated  RGD  mimetics 
as  cell-surface  targeting  agents  and  recruiters  of  anti-Gal 
antibodies  (38).  In  the  course  of  these  studies,  we  devel¬ 
oped  a  fluorescence-based  cell  adhesion  assay  to  test 
the  binding  of  these  ligands  to  integrins  on  cells.  The 
measured  IC50  values  for  compound  1  and  bifunctional 
conjugate  5  forav(33  were  8.1  ±  2  and  1.8  ±  0.2  nM,  re¬ 
spectively  (42).  These  data  are  consistent  with  previ¬ 
ously  published  data  for  the  parent  peptidomimetic 
(IC50  value  =  1.1  nM)  (40). 

When  multiple  copies  of  conjugate  5  bind  to  av|83 
complexes  on  the  cell  surface,  a  multivalent  display  of 
a-Gal  is  assembled.  To  evaluate  whether  anti-Gal  IgG 
and  IgM  antibodies  can  bind  such  a  display,  we  ex¬ 
posed  the  WM115  and  MCF7  cell  lines  to  5  and  then  to 
normal  human  serum  (HS)  (a  source  of  anti-Gal). 
Washed  cells  were  stained  with  fluorescein-labeled 
goat  anti-human  secondary  antibodies  and  subse¬ 
quently  analyzed  by  flow  cytometry.  The  data  indicate 
that  WM115  cells,  which  display  high  levels  of  a^, 
bind  anti-Gal  IgG  and  the  higher  valency  IgM  (Figure  4, 
panel  a).  In  contrast,  no  anti-Gal  antibody  binding  could 
be  detected  with  MCF7  cells  presenting  low  levels  of 
“vf53  (Figure  4,  panel  b).  These  results  indicate  that  upon 
interaction  of  the  conjugate  with  cell-surface  integrin, 
anti-Gal  can  be  recruited.  Thus,  both  the  anti-Gal- 
binding  epitope  and  the  integrin-binding  moiety  are  ac¬ 
cessible  to  their  protein  targets  (42).  The  finding  that 
anti-Gal  is  recruited  only  to  the  cell  displaying  a  high 
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level  of  avp3  integrin 
highlights  the  sensitiv¬ 
ity  ofanti-Gal  bindingto 
a-Gal  epitope  valency. 

Cytotoxicity  of  the 
DOX  Conjugate  Does 
Not  Depend  on  0^3 
Levels.  RGD-based 
peptides  linked  to  the 
cytotoxic  agent  DOX 
can  induce  apoptosis 
in  the  tumor  vascula¬ 
ture  with  enhanced  effi¬ 
cacy  and  reduced  cyto¬ 
toxicity  (47-49). 

Therefore,  we  envisioned  that  compound  4  could  serve 
as  an  archetype  of  a  traditional  targeted  chemothera¬ 
peutic.  Using  a  standard  tetrazolium  salt-based  method 
of  assessing  cell  viability  (50)  with  a  variety  of  cell  lines, 
we  compared  the  cytotoxicity  of  4  to  that  of  free  DOX. 
Upon  treatment  with  compound  4,  we  observed  signifi¬ 
cant  cytolysis  (>50%  dead)  of  each  cell  line  tested 
(Figure  5,  panel  a);  in  contrast,  cells  were  unaffected 
when  exposed  to  the  same  concentration  of  free  DOX 
(25  nM).  Indeed,  no  significant  cytotoxicity  was  ob¬ 
served  with  free  DOX  up  to  0.5  (jlM  (data  not  shown). 
These  results  emphasize  a  major  problem  associated 
with  approaches  that  rely  on  monovalent  interactions  for 
cell  killing:  there  is  little  discrimination  between  cells 
with  low  levels  of  the  target  receptorand  those  with  high 
levels. 

Conjugate  5  Is  Only  Cytotoxic  to  Cells  with  High 
0^3  Levels.  To  assess  the  cell-targeting  selectivity  of 
the  a-Gal  conjugate  5,  we  employed  a  complement- 
dependent  cytotoxicity  assay.  Briefly,  cells  were  inter¬ 
nally  labeled  with  a  fluorescein  diacetate  esterase  sub¬ 
strate,  treated  with  compound  5,  and  exposed  to  HS; 
the  serum  serves  as  the  source  of  both  anti-Gal  antibod¬ 
ies  and  complement.  If  the  bifunctional  ligand  can  bind 
cell-surface  av|83,  recruit  anti-Gal  antibodies  from  HS, 
and  activate  the  complement  cascade,  cytolysis  would 
occur.  Live  cells  were  detected  using  a  fluorescent  plate 
reader.  Untreated  cells  produce  the  maximum  fluores¬ 
cence  emission;  a  decrease  in  this  signal  corresponds 
to  a  decrease  in  the  population  of  live  cells,  or  cytotoxic¬ 
ity.  We  tested  each  of  the  cell  lines  and  observed  lysis 
(>60%  dead)  of  five  of  the  nine  cell  lines  (Figure  5, 
panel  b,  red  bars).  Intriguingly,  only  those  cells  express- 
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Figure  5.  Bifunctional  conjugate  5  mediates  selective  cell  killing,  a)  The  viability  of  four  cell  lines  treated  with  compound 
4  was  evaluated  using  a  standard  tetrazolium-salt-based  assay.  Treatment  with  the  DOX  conjugate  resulted  in  >50%  cell 
death,  irrespective  of  the  levels  of  avp3  integrin  (red).  Unmodified  DOX  (25  nM)  had  no  effect  on  the  cells  tested  at  this 
concentration  (black),  b)  Data  from  all  nine  cell  lines  tested  in  the  complement-dependent  cytotoxicity  assay.  The  cell 
lines  that  were  lysed  efficiently  following  treatment  with  bifunctional  ligand  5  (10  nM)  and  HS  are  shown  in  red;  those 
that  were  unaffected  are  depicted  in  black,  c)  Control  experiments  for  the  complement  lysis  assay  are  depicted.  These  in¬ 
clude  treatment  with  compound  1  (no  a-Gal  epitope)  and  HS  (black),  the  a-Gal  conjugate  5  and  HIHS  (light  gray),  and  5 
with  HS  in  the  presence  of  an  anti-CD55  function-blocking  antibody  (dark  gray). 


ing  high  levels  of  the  target  receptor  were  killed.  For 
cell  types  with  low  levels  ofa^,  complement-mediated 
destruction  was  not  observed  (Figure  5,  panel  b). 

The  Cytotoxic  Effects  of  Bifunctional  Ligand  5 
Depend  on  Complement-Mediated  Lysis.  We  con 
ducted  several  experiments  to  probe  the  mechanism  of 
the  observed  cytotoxicity.  First,  we  tested  whether  the 
cytotoxic  response  depends  on  the  display  of  a-Gal  moi¬ 
eties.  When  the  parent  compound  1  (which  cannot  re¬ 
cruit  anti-Gal  to  the  cell  surface)  was  employed,  no  cell 
killing  was  observed  (Figure  5,  panel  c).  To  determine 
whether  the  induced  response  was  complement- 
mediated,  we  incubated  cells  with  conjugate  5  and 
heat-inactivated  FIS  (FHIFHS).  This  protocol  should  dena¬ 
ture  critical  complement  proteins  but  does  not  abolish 
anti-Gal  antibody  binding  (10).  Again,  no  lysis  was  de¬ 
tected  (Figure  5,  panel  c,  light  gray  bars).  Finally,  we 
sought  to  determine  whether  nonlysed  cell  lines  were 
able  to  evade  cellular  destruction  through  the  protec¬ 
tive  effects  of  one  or  more  complement-regulating  pro¬ 
teins  (51).  We  used  flow  cytometry  and  monoclonal  an¬ 
tibodies  to  known  complement  regulators  (CD46,  CD55, 
and  CD59)  to  analyze  three  of  the  four  cell  lines  that 
were  not  lysed  (WM164,  MDA-MB-231,  and  MCF7)  and 
one  that  was  destroyed  (WM115).  Only  CD55,  the  recep¬ 
tor  previously  implicated  in  complement  avoidance  in 


relation  to  anti-Gal  (52),  was  present  on  the  cell  surface 
in  significant  amounts  (see  Supporting  Information). 
When  we  repeated  the  experiment  in  the  presence  of 
an  anti-CD55  antibody,  which  is  known  to  block  the  pro¬ 
tective  function  of  CD55,  no  cytolysis  was  detected 
(Figure  5,  panel  c,  dark  gray  bars).  Together,  these  re¬ 
sults  indicate  that  the  bifunctional  ligand  5  is  much 
more  selective  than  traditional  cell-targeting  agents. 

Enhancing  Cell-Targeting  Selectivity  with  Multi¬ 
valency.  The  exquisite  selectivity  of  a-Gal  conjugate  5 
contrasts  dramatically  with  that  observed  for  the  DOX- 
linked  compound  4.  These  differences  can  be  visualized 
by  comparing  their  relative  cell-killing  abilities  (Figure  6, 
panel  a).  Our  results  with  compound  4  are  consistent 
with  those  of  others  in  which  the  attachment  of  a 
“tumor-homing”  agent  to  DOX  results  in  selectivity  for 
cells  that  display  the  target  receptor  over  those  that  do 
not  (47-49).  Our  data,  however,  underscore  that  this 
selectivity  is  limited.  Thus,  conjugates  like  4  can  kill  cells 
with  even  low  concentrations  of  targeted  cell-surface 
receptor.  Because  it  can  be  difficult  to  identify  surface 
receptors  unique  to  cancer  cells,  chemotherapeutic 
agents  with  such  properties  are  expected  to  have  delete¬ 
rious  side  effects. 

In  contrast  to  4,  compound  5  is  a  highly  discriminat¬ 
ing  cell-targeting  agent.  It  can  distinguish  between  cells 
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Figure  6.  Features  of  cell  recognition  by  multivalent  interactions,  a)  The  number  of  av|i3  integrin  receptors  available  for  binding  (data  from 
Figure  3,  panel  b)  is  plotted  against  the  percentage  of  dead  cells  (data  from  Figure  5,  panel  b).  The  dashed  black  curve  describes  the  activ¬ 
ity  of  the  DOX  conjugate  4.  It  kills  cells  displaying  high  and  low  levels  of  the  target  receptor.  Conversely,  cells  with  a  low  concentration  of 
integrin  receptor  are  unaffected  by  cv-Gal-mediated  cytotoxicity,  as  shown  by  the  solid  red  curve.  Bifunctional  conjugate  5  results  in  selec¬ 
tive  lysis  of  cell  lines  with  high  levels  of  the  target  receptor.  The  cell  death  response  is  described  by  a  curve  with  a  much  steeper  slope  and 
is  similar  to  that  displayed  in  panel  b  for  compound  5.  b)  Dose  response  curves  for  compounds  4  (black)  and  5  (red).  Cell  death  by  com¬ 
pound  5  displays  a  marked  concentration  dependence,  an  attribute  indicative  of  a  process  involving  cooperative  multivalent  interactions. 
The  gradual  dependence  on  concentration  for  the  DOX  conjugate  4  is  typical  of  a  process  that  involves  monovalent  interactions,  c)  A  picto¬ 
rial  depiction  of  complement-mediated  cell  lysis  through  interaction  with  anti-Gal.  This  process  involves  several  different  types  of  multiva¬ 
lent  interactions:  anti-Gal  binds  avidly  when  it  can  interact  with  multiple  u-Gal  epitopes  (as  shown  on  the  right),  and  complement  is  re¬ 
cruited  more  effectively  when  multiple  copies  of  anti-Gal  are  bound. 


with  different  levels  of  the  target  a^  integrin  receptor 
(Figure  6,  panel  a).  One  explanation  for  its  remarkable 
selectivity  is  that  cell  killing  is  mediated  through  low- 
affinity,  multivalent  interactions.  Because  anti-Gal  anti¬ 
bodies  interact  weakly  with  monovalent  epitopes,  any 
interaction  with  the  a-Gal  conjugate  in  solution  will  be 
transient.  Similarly,  anti-Gal  is  not  recruited  to  cells  dis¬ 
playing  low  levels  of  a-Gal  residues.  Only  those  cells 
with  high  levels  of  a-Gal  residues  on  their  surfaces  can 
capture  the  bivalent  (IgG)  ordecavalent  (IgM)  antibodies 
with  sufficient  avidity. 

If  cooperative  multivalent  interactions  are  critical  for 
the  activity  of  5,  the  concentration  curves  for  cell  killing 
by  5  should  be  steeper  than  those  for  4.  Using  WM1 15 
cells,  which  possess  high  levels  of  avp3,  we  generated 
dose  response  curves  for  4  and  5  (Figure  6,  panel  b). 
Compound  4  exhibits  cytoxicity  over  a  broad  concentra¬ 
tion  range.  In  contrast,  small  changes  in  the  concentra¬ 
tion  of  bifunctional  ligand  5  result  in  large  changes  in  ac¬ 
tivity.  These  data  provide  further  support  that  compound 
4  functions  via  monovalent  interactions  but  cell  killing 
by  compound  5  depends  on  multivalency. 

Several  steps  in  the  cascade  of  events  that  culmi¬ 
nate  in  complement-mediated  cell  lysis  involve  multiva¬ 
lency.  When  anti-Gal  antibodies  of  the  IgM  class  en¬ 
gage  in  multivalent  interactions  with  the  target  cells, 
they  expose  a  binding  site  for  the  multimeric  Clq  pro¬ 
tein  of  the  complement  system.  Clq  binding  initiates  a 
cascade  of  protease  activity,  which  results  in  the  assem¬ 
bly  of  a  membrane  attack  complex  (MAC).  It  is  this  MAC 
that  mediates  lysis  of  the  target  cell.  Thus,  the  comple¬ 
ment  system,  which  is  composed  of  >30  proteins,  also 
depends  on  multivalent  interactions.  Accordingly,  our 
strategy  exploits  multivalent  interactions  for  both  cell 
recognition  and  cell  killing  by  the  immune  system 
(Figure  6,  panel  c).  Intriguingly,  the  data  suggest  that 


there  is  a  threshold  response:  only  cells  with  sufficient 
levels  of  the  target  avfS3  receptor  are  destroyed. 

Exploiting  Multivalency  Using  Low-Molecular- 
Weight  Ligands.  The  strategy  presented  herein  has  ad¬ 
vantages  that  go  beyond  its  selectivity.  Specifically,  the 
mechanism  by  which  the  bifunctional  ligands  trigger  cel¬ 
lular  destruction  does  not  rely  on  a  non-natural  toxin 
but  rather  on  an  endogenous  immune  response.  Be¬ 
cause  humans  are  constantly  exposed  to  the  a-Gal  anti¬ 
gen,  a  supply  of  anti-Gal  in  circulation  is  ensured.  More¬ 
over,  unlike  the  situation  with  traditional  toxins,  the 
agent  used  for  cell  killing  in  our  strategy  (complement) 
is  tightly  controlled  and  therefore  harmless  to  normal 
cells.  Another  major  benefit  of  our  strategy  is  that  it  em¬ 
ploys  low-molecular-weight  compounds.  Many  tumor¬ 
targeting  strategies  rely  on  macromolecular  agents,  such 
as  antibodies.  Although  the  mode  of  action  of  our  bi¬ 
functional  ligands  depends  on  multivalent  recognition, 
the  agents  we  describe  are  small-molecule  ligands.  As  a 
consequence,  they  sidestep  problems  associated  with 
macromolecular  therapeutic  agents. 

A  key  feature  of  the  design  of  our  bifunctional  conju¬ 
gate  is  its  modularity.  The  linkers,  cell-surface  targeting 
agent,  and  low-affinity  epitope  can  be  varied,  thus  af¬ 
fording  the  means  to  readily  optimize  the  biological  ac¬ 
tivity  of  the  small  molecules.  Moreover,  this  design  can 
be  used  to  target  more  than  one  receptor  on  the  cell  sur¬ 
face.  Another  method  to  achieve  selective  cell  targeting 
is  to  engage  multiple  types  of  up-regulated  receptors.  A 
highly  selective  cocktail  of  bifunctional  ligands  that  bind 
and  recruit  complement  to  cancer  cells,  for  example, 
would  be  extremely  valuable.  Finally,  though  we  have 
presented  our  strategy  in  the  context  of  cancer  immuno¬ 
therapy,  we  predict  that  this  approach  will  have  applica¬ 
tions  beyond  tumor  destruction. 

Conclusion.  As  the  mechanism  of  complement- 
mediated  cell  lysis  indicates,  physiological  systems 
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rely  on  low-affinity,  multivalent  interactions  to  distin¬ 
guish  between  normal  and  unwanted  target  cells.  An  ad¬ 
vantage  of  such  processes  is  that  highly  specific  recog¬ 
nition  can  be  achieved.  Our  results  indicate  that  the 
multivalent  recognition  mode  that  we  employ  can  be  ex¬ 


ploited  to  selectively  direct  an  endogenous  immune  re¬ 
sponse  to  destroy  target  cells.  We  envision  that  this  gen¬ 
eral  strategy  and  the  principles  underlying  it  will  lead  to 
new  classes  of  therapeutic  agents. 


METHODS 

Reagents.  All  chemicals  used  were  purchased  from  Sigma- 
Aldrich  unless  otherwise  noted.  All  cell  culture  reagents,  includ¬ 
ing  minimal  essential  medium  alpha  (aMEM),  Dulbecco’s  modi¬ 
fied  eagle  medium  (DMEM),  Roswell  Park  Memorial  Institute- 
1640  medium  (RPMI),  fetal  bovine  serum  (FBS),  penicillin- 
streptomycin  (pen-strep),  L-glutamine,  bovine  insulin,  and 
trypsin-EDTA,  were  purchased  from  Invitrogen.  Accutase  cell  de¬ 
tachment  solution  was  acquired  from  Innovative  Cell  Technolo¬ 
gies,  Inc.  Tissue  culture  flasks  for  adherent  cells  were  obtained 
from  Sarstedt.  2’,7'-Bis-(2-carboxyethyl)-5-(and-6)-carboxy- 
fluorescein,  acetoxymethyl  ester  (BCECF-AM)  was  purchased 
from  Molecular  Probes.  Bovine  serum  albumin  (BSA)  was  ob¬ 
tained  from  Research  Organics.  V-shaped  96-well  plates  were 
obtained  from  Nalge  Nunc,  International.  Fibrinogen  and 
vitronectin  were  from  CalBiochem.  Quantum  FITC  Premixed  MESF 
Kit  was  from  Bangs  Laboratories,  Inc.  (Fishers,  IN).  Antibodies 
mouse  anti-human  integrin  avf}3  (clone  LM609),  mouse  anti¬ 
human  CD55,  FITC-labeled  rat  anti-mouse  IgG,  and  FITC-labeled 
goat  anti-human  IgG  and  IgM  were  purchased  from  Chemicon, 
International,  Lab  Vision  Corporation,  BD  Biosciences,  and  Vec¬ 
tor  Laboratories,  respectively. 

Synthesis  of  Bifunctional  Conjugates.  Routes  to  the  parent 
RGD  peptidomimetic  and  its  conjugation  to  the  a-Gal  trisaccha¬ 
ride  epitope  (compounds  1,  2,  and  5)  have  been  published  (42). 
The  fluorescent  derivative  (compound  3)  was  generated  from 
the  trifluoroacetate  salt  of  amine  2  (1.4  mg,  0.0017  mmol,  1 
equiv),  which  was  dissolved  in  50  mM  borate  buffer  at  pH  9 
(100  |jlL).  To  this  mixture,  fluorescein  isothiocyanate  (0.7  mg, 
1.1  equiv)  in  dimethylformamide  (30  pL)  was  added.  The  reac¬ 
tion  was  stirred  at  RT  for  4.5  h  and  then  quenched  with  0.2  M 
AcOH  in  H20  (100  pL).The  product  was  purified  by  HPLC  on  a  Vy- 
dac  C18  semi-prep  column  using  a  30  min  gradient  of  0-50% 
(v/v)  CH3CN  in  H20  containing  0.1%  TFA  (v/v)  to  yield  conjugate 
3  in  60%  yield.  Procedures  for  the  synthesis  of  the  DOX  conju¬ 
gate  4  are  detailed  in  the  Supporting  Information. 

Cell  Lines.  Human  MDA-MB-231  and  MCF7  breast  carcinoma 
cells  and  WM115  melanoma  cell  lines  were  purchased  from 
American  Type  Culture  Collection.  WM164,  451Lu,  and  1205Lu 
human  melanoma  cells  were  obtained  from  Wistar  Institute. 
M21  human  melanoma  cells  (sorted  for  high  levels  ofc^jjj)  and 
Saos-2  osteosarcoma  cells  were  provided  by  P.M.  Sondel  and 
S.  Helfand  (UW-Madison).  SLK-1  Kaposi’s  sarcoma  cell  line  was 
obtained  from  the  National  Institutes  of  Health  (NIH)  AIDS  Re¬ 
search  &  Reference  Reagent  Program.  All  cells  were  grown  ei¬ 
ther  in  aMEM,  DMEM,  or  RPMI  media  with  FBS  (10%),  pen-strep 
antibiotics  (100  U),  and  glutamine  (2  mM).  MCF7  cells  were 
grown  as  above  with  the  addition  of  0.01  mg  mL'1  bovine  insu¬ 
lin.  Cells  were  detached  from  cell  culture  flasks  with  trypsin- 
EDTA  for  passage.  For  experiments,  Accutase  was  used  to  mini¬ 
mize  the  effects  of  trypsin  on  av(33. 

Anti-Gal  Antibody  Binding.  Near  confluent  cells  were  har¬ 
vested,  washed,  counted,  and  resuspended  at  a  density  of  4  X 
105  cells  mL  1  in  integrin  binding  buffer  [IB;  25  mM  Tris-HCl,  pH 
=  7.2,  NaCI  (150  mM),  BSA  (1.5%  w/v),  glucose  (5  mM),  MgCI2 
(1.5  mM),  and  MnCI2  (1.5  mM)]  for  60  min  at  4  °C.  Cells  were 


then  diluted  to  2  x  105  cells  mL  1  and  incubated  with  com¬ 
pound  5  (10  nM)  on  ice  for  60  min.  Cells  were  washed  with  IB 
and  resuspended  in  a  20%  solution  of  HIHS  obtained  from  a 
healthy  donor.  After  a  60  min  incubation  on  ice,  cells  were 
washed  again  with  IB  and  incubated  again  at  4  °C  with  FITC-con- 
jugated  goat  anti-human  IgG  or  IgM  antibody  (5  pg  mL1)  for 
30  min.  Finally,  propidium  iodide  (PI,  5  pg  mL-1)  was  added  to 
washed  cells  and  immediately  analyzed  for  fluorescence  using  a 
FACSCalibur  flow  cytometer  (Becton  Dickinson).  Data  were  ana¬ 
lyzed  using  CellQuest  software  (Becton  Dickinson).  An  identical 
assay  omitting  the  bifunctional  conjugate  assessed  background 
fluorescence.  The  relative  fluorescence  is  reported  as  the  ratio 
above  background.  Experiments  were  repeated  in  triplicate. 

Levels  of  Cell-Surface  Integrin  «v|i3.  Near  confluent  cells  were 
harvested  with  Accutase  and  activated  in  IB  as  described  above. 
Cells  were  then  diluted  to  2  x  105  cells  mL-1  and  incubated 
with  fluorescein-labeled  compound  3  (10  nM)  on  ice  for  60  min. 
Cells  were  washed  twice  before  being  analyzed  for  fluores¬ 
cence  by  flow  cytometry.  The  linearity  of  the  instrument  was 
first  validated  using  the  Quantum  FITC  Premixed  MESF  Kit,  and 
a  standard  fluorescence  curve  was  then  generated.  Taking  the 
signal  (MFI)  measured  from  samples  stained  with  3,  the  result¬ 
ing  value  for  molecules  of  equivalent  soluble  fluorescence 
(MESF)  was  determined.  The  MESF  unit  corresponds  to  the  fluo¬ 
rescence  intensity  of  a  given  number  of  pure  fluorochrome  mol¬ 
ecules  in  solution  and,  in  our  case,  is  equal  to  the  number  of 
avp3  integrins  on  the  cell  surface.  Experiments  were  repeated 
at  least  three  different  times  for  each  cell  line. 

Complement-Dependent  Cytotoxicity  Assay.  Confluent  cul¬ 
tures  of  cells  were  detached  with  Accutase,  washed,  counted, 
and  resuspended  at  1.25  x  106  cells  mL'1  in  PBS.  Cells  were 
fluorescently  labeled  with  BCECF-AM  (0.2  pg  mL'1)  for  30  min 
at  37  °C  and  then  washed  and  diluted  to  4  x  105  cells  mL  1  for 
activation  in  binding  buffer.  After  60  min  on  ice,  cells  were  fur¬ 
ther  diluted  to  2  x  105  cells  mL1,  and  conjugate  5  (10  nM)  was 
added.  V-shaped  96-well  microtiter  plates  were  treated  with 
200  pi  of  “blocking  buffer”  [25  mM  Na2C03,  pH  =  9.6,  BSA 
(1.5%  w/v),  and  Tween-20  (0.5%  w/v)]  for  2  h  at  rt.  The  block¬ 
ing  solution  was  removed,  and  the  wells  washed  three  times 
with  200  pL  of  IB.  Ten  thousand  cells  per  well  were  added  to 
the  rinsed  wells  in  the  presence  of  20%  normal  HS  and  incu¬ 
bated  for  a  minimum  of  2  h  at  37  °C.  Following  this  period,  cells 
were  spun  at  500  rpm  for  10  min  in  an  Allegra  6KR  centrifuge 
(Beckman  Coulter),  and  nonlysed  cells  were  quantified  as  the 
fluorescent  signal  was  read  from  the  bottom  on  an  EnVision 
2100  plate  reader  (Perkin  Elmer).  For  maximum  cell  lysis,  the 
cationic  detergent  cetyltrimethylammonium  bromide  was  added 
to  the  wells  at  a  2%  (w/v)  final  concentration.  The  spontane¬ 
ous  release  of  fluorescence  (background,  BG)  was  determined 
without  addition  of  conjugate  5.  Cytotoxicity  is  calculated  by  the 
following  equation:  [(sample  -  BG)(max  -  BG)-1]  x  100. 

Cell  Viability  Assay  for  Determining  Cytotoxicity  of  Conjugate  3. 
Confluent  cultures  of  M21,  WM164,  MDA-MB-231,  and  Saos-2 
cells  were  detached  and  resuspended  in  media  at 
100,000  cells  mL  1  (M21  and  WM164)  or  250,000  cells  mL”1 
(MDA-MB-231  and  Saos-2).  One  hundred  microliters  of  these 
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cell  suspensions  were  transferred  to  each  well  of  a  clear,  flat- 
bottom  96-well  microtiter  plate  (Corning)  and  incubated  over¬ 
night.  Wells  were  then  treated  with  RGD-DOX  conjugate  4 
(25  nM)  in  DMEM  for  18-24  h.  All  wells  were  then  washed  with 
fresh  culture  medium.  Cytotoxicity  was  assessed  using  the  Cell- 
Titer  96  AQueous  non-radioactive  cell  proliferation  assay  kit 
from  Promega.  After  addition  of  the  3-(4,5-dimethylthiazol-2-yl)- 
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2//-tetrazolium, 
inner  salt  solution,  the  plate  was  incubated  for  an  additional 
1-2  h.  The  absorbance  at  490  nm  was  recorded  using  an  ELx800 
microplate  reader  from  Bio-Tek  Instruments,  Inc.  Maximum  cell 
death  was  induced  by  adding  a  final  concentration  of  2%  SDS 
(w/v)  to  100  pi  of  the  cell  suspension.  Untreated  cells  were  con¬ 
sidered  to  be  “100%  alive”  in  this  assay.  Cytotoxicity  results  are 
calculated  by  [sample  -  max][untreated  -  max]-1  x  100  and  are 
presented  as  percent  viability.  No  significant  cytotoxicity  was  ob¬ 
served  with  free  DOX  up  to  0.5  |xM. 
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Strategies  to  eliminate  tumor  cells  have  long  been  sought,  l/l/e 
envisioned  that  a  small  molecule  could  be  used  to  decorate  the 
offending  cells  with  immunogenic  carbohydrates  and  evoke  an 
immune  response.  To  this  end,  we  describe  the  synthesis  of  bi¬ 
functional  ligands  possessing  two  functional  motifs:  one  binds  a 
cell-surface  protein  and  the  other  binds  a  naturally  occurring 
human  antibody.  Our  conjugates  combine  an  RGD-based  pepti- 
domimetic,  to  target  cells  displaying  the  av/33  integrin,  with  the 
carbohydrate  antigen  galactosyl-a(i-3)galactose  [Gala(i-3)Gal 
or  a-Gal],  To  generate  such  bifunctional  ligands,  we  designed 
and  synthesized  RGD  mimetics  lb  and  2c,  which  possess  a  free 
amino  group  for  modification.  These  compounds  were  used  to 
generate  bifunctional  derivatives  7  c  and  2d,  with  dimethyl  squa- 
rate  serving  as  the  linchpin;  thus,  our  synthetic  approach  is  mod¬ 
ular.  To  evaluate  the  binding  of  our  peptidomimetics  to  the 


target  av/33-displaying  cells,  we  implemented  a  cell-adhesion 
assay.  Results  from  this  assay  indicate  that  the  designed,  small- 
molecule  ligands  inhibit  avl33-dependent  cell  adhesion.  Addition¬ 
ally,  our  most  effective  bifunctional  ligand  exhibits  a  high  degree 
of  selectivity  (4000-fold)  for  aJ33  over  the  related  av(35  integrin,  a 
result  that  augurs  its  utility  in  specific  cell  targeting.  Finally,  we 
demonstrate  that  the  bifunctional  ligands  can  bind  to  aJ)3-posi- 
tive  cells  and  recruit  human  anti-Gal  antibodies.  These  results  in¬ 
dicate  that  both  the  integrin-binding  and  the  anti-Gal-binding 
moieties  can  act  simultaneously.  Bifunctional  conjugates  of  this 
type  can  facilitate  the  development  of  new  methods  for  targeting 
cancer  cells  by  exploiting  endogenous  antibodies.  We  anticipate 
that  our  modifiable  av/33-binding  ligands  will  be  valuable  in  a  va¬ 
riety  of  applications,  including  drug  delivery  and  tumor  targeting. 


Introduction 

Methods  to  deliver  biologically  active  compounds  selectively 
to  unwanted  cells  are  needed.  Cell-targeting  agents  have  a 
wide  range  of  potential  therapeutic  applications,  including  di¬ 
agnostic  imaging111  and  the  destruction  of  cellular  patho¬ 
gens.12,31  One  especially  attractive  use  of  cell  targeting  is  the 
selective  delivery  of  cancer  chemotherapeutic  agents14,51 — an 
objective  that  has  prompted  studies  since  Ehrlich  described 
the  "magic  bullet"  concept  in  1906.161  In  the  typical  approach,  a 
targeting  moiety  that  recognizes  a  cancer-associated  epitope 
is  used  to  direct  a  cytotoxic  drug  or  protein  toxin.  A  major 
problem  with  this  strategy  is  that  the  toxic  agent  often  causes 
undesirable  side  effects.171  Specifically,  protein  toxins  and  small- 
molecule  anticancer  agents  can  destroy  not  only  the  target 
cells  but  also  normal  ones.  We  envisioned  an  alternative  strat¬ 
egy  that  relies  on  redirecting  endogenous  antibodies  to  cancer 
cells. 

We  sought  to  harness  the  natural  human  immune  response 
against  the  a-Gal  epitope  to  test  our  hypothesis.181  This  carbo¬ 
hydrate  antigen  is  well  known  to  be  immunogenic;  indeed,  it 
serves  as  the  major  barrier  in  xenotransplantation.191  Attempts 
to  transplant  porcine  donor  organs  into  primates  have  re¬ 
vealed  the  importance  of  hyperacute  rejection  as  a  complica¬ 
tion.  This  rejection  is  mediated  by  complement,  which  is  re¬ 
cruited  when  primate  anti-Gal  antibodies  bind  to  the  surface- 
display  of  a-Gal  on  the  porcine  donor  cells.1101  Human  cells  do 
not  display  the  a-Gal  epitope,  unlike  most  mammalian  and 


bacterial  cells.1111  Presumably,  it  is  exposure  to  these  foreign 
cells  that  elicits  the  high  level  of  anti-Gal  antibody  found  in 
humans.  We  reasoned  that  exploiting  this  known  response  to 
reject  tumor  cells  could  afford  an  attractive  anticancer  strategy. 
To  test  our  hypothesis,  we  required  bifunctional  conjugates 
that  contain,  in  addition  to  the  a-Gal  epitope,  a  targeting 
moiety  that  recognizes  an  appropriate  cell-surface  receptor  rel¬ 
evant  for  cancer  (Figure  1).  Although  many  biomarkers  are  up- 
regulated  on  tumor  cells,  we  sought  a  receptor  that  can  be  tar¬ 
geted  with  ligands  that  bind  with  both  high  affinity  and  high 
specificity.  To  this  end,  we  examined  small-molecule  inhibitors 
of  the  av|33  integrin. 

Integrins  are  heterodimeric  cell-adhesion  receptors  that  facil¬ 
itate  communication  between  a  cell  and  its  surroundings.1121 
Integrins  comprise  two  separate  polypeptide  chains,  and  the 
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Figure  1.  Schematic  description  of  anti-Gal  antibody  recruitment  to  the 
target  cell  surface  by  a  bifunctional  ligand.  One  portion  of  the  conjugate  is 
designed  to  selectively  bind  to  cells  displaying  the  avp3  integrin,  while  the 
other  displays  the  a-Gal  carbohydrate  epitope,  which  can  interact  with  anti- 
Gal  antibodies. 


complex  of  these  a-  and  p-subunits  dictates  integrins'  binding 
specificity  and  ultimate  biochemical  function.  The  a„p3  integrin 
mediates  the  attachment  of  cells  to  the  extracellular  matrix 
and  has  been  implicated  in  tumor-induced  angiogenesis, 
tumor  invasion,  and  metastasis.113,141  This  integrin  is  upregulat- 
ed  on  both  cancer  cells  and  tumor-associated  blood  vessels; 
however,  avp3  is  absent  or  present  only  at  low  levels  on  most 
normal  tissues.1151  Experiments  with  arginine-glycine-aspartic 
acid  (RGD)  peptide  conjugates  suggest  that  integrins  can  serve 
as  cell-surface  receptors  for  recruiting  anti-Gal  antibodies.1161 
Given  its  location  on  the  cell  surface  and  its  role  in  cancer,  we 
reasoned  that  avp3  would  serve  as  an  excellent  target  receptor. 

Because  they  can  be  readily  generated,  the  most  common 
integrin  ligands  used  are  peptides.  Linear  peptide  sequences 
containing  the  RGD  motif  are  known  to  bind  integrins,  and 
these  have  been  employed  as  cell-targeting  agents.1171  Because 
of  the  low  affinity  and  promiscuity  of  such  linear  peptides, 
however,  their  utility  for  selective  cell  targeting  is  limited. 
Peptide  derivatives,  such  as  cyclic  Arg-Gly-Asp-D-Phe-Lys 
[c(-RGDfK-);  3a,  Scheme  1],  have  been  used  as  tumor-homing 
agents  due  to  their  selectivity  for  avp3  over  the  closely  related 
anbp3  integrin. 11 8-201  Although  more  discriminating  than  its 
linear  counterparts,  this  derivative  is  also  a  ligand  for  the  a„p5 
integrin,  a  receptor  highly  expressed  on  many  normal  cell 


types.  For  our  studies,  we  required  integrin  ligands  that  could 
be  used  for  the  construction  of  bifunctional  conjugates  and 
that  are  selective  for  the  a„p3  integrin.  Although  there  are  a 
few  examples,121-251  nonpeptidic  derivatives  that  satisfy  these 
criteria  are  rare.  Several  uses  have  been  described  for  peptido- 
mimetics  that  exhibit  selectivity  in  integrin  targeting.1261  In  one 
example,  an  integrin-binding  small  molecule  was  modified  so 
that  it  could  be  conjugated  to  a  variety  of  antibodies  for 
tumor  targeting.127-301  This  ligand  and  others  equipped  with 
handles  for  modification,  however,  bind  the  closely  related 
integrins  av|33  and  av|35.  We  set  out  to  expand  the  toolkit  of 
integrin  ligands  by  generating  compounds  with  the  desired 
attributes  that  are  selective  for  avP3. 

Here,  we  report  the  modular  synthesis  of  novel  functional¬ 
ized  av|33  integrin  ligands.  We  generated  several  bifunctional 
conjugates  by  appending  the  a-Gal  trisaccharide  to  these  li¬ 
gands,  thereby  highlighting  the  benefits  of  our  modular  syn¬ 
thetic  strategy.  We  also  implement  an  integrin-dependent  cell- 
adhesion  assay  to  assess  the  inhibitory  potencies  of  these 
compounds.  Our  results  indicate  that  these  peptidomimetics 
maintain  their  binding  affinity  and  possess  high  specificity  for 
a„p3.  Moreover,  the  modular  assembly  method  that  we  employ 
should  facilitate  the  development  of  bifunctional  conjugates 
for  a  variety  of  cell-targeting  applications. 

Results  and  Discussion 

Bifunctional  conjugate  design 

The  importance  of  the  a„p3  integrin  has  fueled  the  discovery 
of  numerous  small-molecule  ligands.131,321  As  a  starting  point 
for  our  studies,  we  utilized  potent  avp3  antagonists  with  well- 
characterized  integrin-selectivity  profiles.  We  selected  two  in¬ 
hibitors:  the  cyclic  RGD  peptide  mimetic  1  a  and  the  non-pep- 
tidic  compound  2a  (Scheme  1).  Compound  1  a  inhibits  binding 
of  purified  avp3  to  an  immobilized  RGD-containing  ligand  with 
an  IC50  value  of  20  mvi;  it  preferentially  binds  a„p3  over  the  pla¬ 
telet  integrin  aNbp3  with  1000-fold  greater  activity.133,341  Com- 


NH  O 


R 


la  R  =  H 

1b  R  =  (CH2)3NH2 

1c  R  =  (CH2)3NHo.Gal 


ciGal  = 


2a  R  =  Cbz 
2b  R  =  SOzMes 
2c  R  = 

R1  =  H 

R’HN 

2d  R1  =  aGal 


o=s=o 


3a  R  =  H;  n  =  1 
3b  R  =  H;  n  =  2 
3c  R  =  aGal;  n=1 


Scheme  1. Target  functionalized  avfS3  integrin  ligands  (1  b,  1  c,  2c,  2d,  3c)  and  the  parent  compounds  (1  a,  2b,  3a)  from  which  they  are  derived. 


ChemBioChem  2007,  8,  68-82 


©  2007  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim 


www.chembiochem.org 


69 


CHEMBIOCHEM 


pound  2a  is  a  potent  inhibitor  (IC50=1.1  mvi)  and  is  at  least 
400-fold  more  selective  for  av|33  over  even  more  closely  related 
integrins,  including  av|35.™ 

To  generate  the  bifunctional  conjugates,  we  devised  a  mod¬ 
ular  synthetic  strategy.  One  facile  method  for  linking  two  com¬ 
pounds  is  through  the  use  of  squaric  acid  esters.1361  Because 
the  rate  of  formation  of  the  squaric  acid  diamide  is  slower 
than  formation  of  the  monoamide,  dimethyl  squarate  can  be 
used  to  form  a  conjugate  from  two  different  amine-containing 
compounds.  Thus,  we  needed  an  a-Gal  derivative  and  an  in- 
tegrin-binding  ligand — each  bearing  a  free  amino  group.  The 
former  can  be  synthesized  readily,  as  the  amine  can  be  ap¬ 
pended  through  an  anomeric  substituent.  To  generate  an  in- 
tegrin-binding  moiety  with  the  desired  features,  we  analyzed 
the  available  structural  and  functional  data. 

To  install  a  substituent  that  would  preserve  the  integrin 
binding  and  the  selectivity  of  the  prototype  ligands,  we  ana¬ 
lyzed  the  structure  of  the  avP3  integrin  complex  with  the  cyclic 
peptide  ligand  c(RGDf-/V[/V!e]V)  (Figure  2  A). 1371  Determination  of 
this  structure  by  X-ray  crystallography  revealed  that,  while  the 
critical  RGD  motif  contacts  both  subunits  of  the  protein,  the 


Synthesis  of  peptidomimetic  integrin  ligands 

Our  initial  efforts  focused  on  the  synthesis  of  cyclic  peptide 
1  b,  which  could  be  assembled  either  by  solid-phase  methods 
or  in  solution.140,411  Guided  by  a  report,1421  we  sought  to  gener¬ 
ate  the  relevant  linear  peptide  using  solid-phase  synthesis  and 
then  cyclize  it  in  solution.  Accordingly,  a  route  to  non-natural 
amino  acid  6  was  required  (Scheme  2).  We  reasoned  that  the 
aminopropyl  side  chain  could  be  introduced  by  Pd-catalyzed 
cross  coupling.  The  requisite  aryl  iodide  4  was  synthesized  in 
high  yield  from  the  known  aniline  derivative  by  using  the 
Sandmeyer  reaction.1431  Subsequent  introduction  of  the  alkynyl 
side  chain  under  modified  Sonogashira  conditions  provided 
the  trisubstituted  aromatic  ring  system  in  excellent  yield.1441 
Conversion  of  the  benzylic  alcohol  to  the  azide  group  under 
standard  conditions  and  subsequent  hydrolysis  of  the  methyl 
ester  provided  intermediate  5.  This  compound  then  was  trans¬ 
formed  into  the  desired  Fmoc-protected  amino  acid  6  by  dual 
reduction  of  the  azide  and  alkynyl  functionalities  with  Pearl- 
man's  catalyst.  Subsequent  protection  of  the  benzylic  amine 
was  effected  under  standard  conditions.  With  amino  acid  6  in 
hand,  the  desired  protected  peptide  sequence  was 
synthesized  and  cleaved  under  standard  Fmoc  solid- 
phase  peptide  synthesis  (SPPS)  conditions.  The  crude 
peptide  was  then  cyclized  with  benzotriazole-1-yl- 
oxytrispyrrolidinophosphonium  hexafluorophosphate 
(PyBOP)  in  dimethylformamide  (DMF).  The  protecting 
groups  were  removed  with  trifluoroacetic  acid  (TFA), 
and  the  product  was  purified  by  high  performance 
liquid  chromatography  (FHPLC)  to  provide  ligand  1  b 
in  11  steps  and  22%  overall  yield. 

In  addition  to  preparing  cyclic  peptide  1  b,  we  also 
sought  to  generate  sulfonamide-containing  inhibitors 
2  b  and  2c.  We  envisioned  that  the  former  would  be 
a  valuable  comparator  in  assessing  the  relative  po¬ 
tency  of  2c  as  an  avp3  integrin  ligand  (vida  infra).  In 
their  initial  studies,  DeGrado  and  co-workers  synthe¬ 
sized  ligand  2  a  on  a  solid  support  as  part  of  a  larger 
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Figure  2.  Structural  model  used  to  guide  the  design  of  integrin-binding  compounds. 

A)  Structure  of  the  extracellular  domain  of  avp3  integrin  bound  to  a  cyclic  peptide  con¬ 
taining  the  RGD  recognition  motif  as  determined  by  X-ray  crystallographic  analysis  by 
Xiong  et  al.1371  The  yellow  arrows  indicate  the  solvent-exposed  regions  of  the  molecule. 

B)  Chemical  structure  of  c(RGDf-N[Me]V).  The  residues  highlighted  in  yellow  correspond 
to  parts  of  the  compound  that  might  be  modified  chemically  without  perturbing  binding 
to  the  receptor. 


remaining  two  residues  (D-Phe  and  (V-methyl-Val)  are  solvent 
exposed.  As  long  as  they  do  not  alter  the  conformation  of  the 
RGD-mimicking  moiety,  structural  modifications  of  this  ex¬ 
posed  region  should  be  permitted  (Figure  2  B).  Accordingly, 
amine-bearing  compound  1  b  should  maintain  integrin  binding 
(Scheme  1).  Similarly,  2a  analogues  that  bear  an  appropriate 
substituent  at  the  amine  group  a  to  the  carboxylic  acid  should 
be  accommodated.™  Specifically,  compound  2  a  can  be  elabo¬ 
rated  by  introducing  a  functionalized  mesityl  sulfonamide  to 
provide  compound  2  b;  studies  optimizing  RGD-mimetic  activi¬ 
ty  had  revealed  that  other  av|33  inhibitors  with  arylsulfonamide 
groups  at  corresponding  positions  have  excellent  potencies.™ 
If  derivative  2  b  possesses  the  predicted  potency,  we  envi¬ 
sioned  introducing  a  linker  via  this  aryl  sulfonamide  substitu¬ 
ent,  as  in  compound  2  c.  With  these  blueprints,  we  set  out  to 
build  the  target  integrin  ligands. 


Scheme  2.  Synthesis  of  the  non-natural  amino  acid  6  and  its  use  in  generat¬ 
ing  a  cyclic  RGD  mimetic  1  b:  a)  PdCI2(PPh3)2,  Cul,  THF,  Et3N,  A/-Boc-propargyl 
amine,  98%;  b)  MsCI,  Et3N,  toluene,  NaN3,  Bu4NBr,  H20;  c)  LiOH,  THF,  H20, 
85%  over  2  steps;  d)  Pd(OH)2/C,  MeOH;  e)  Fmoc-OSu,  Et3N,  ACN/H20,  65% 
over  2  steps;  f)  standard  Fmoc  SPPS;  g)  1  %  TFA,  CH2CI2;  h)  PyBOP,  DIPEA, 
DMF  (1.5  itim);  0  TFA,  TIS,  H20,  45%  over  4  steps. 
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Scheme  3.  Synthesis  of  the  nonpeptidic  RGD  mimetic  2  a  and  its  sulfonamide  analogue  2  b:  a)  Et3N,  CH2CI2,  92%; 
b)  HCI,  dioxane,  MeOH;  c)  A/-Boc-4-aminobutyric  acid,  EDCI,  DMAP,  Et3N,  CH2CI2>  89%  over  2  steps;  d)  H2,  Pd(OH)2/ 
C,  MeOH,  CHCI3;  e)  CIS02Mes,  Et3N,  CH2CI2,  88%  over  2  steps;  f)  HCI,  dioxane,  MeOH;  g)  2-methylthio-2-imidazoline 
hydroiodide,  MeOH,  Et3N,  A;  h)  LiOH,  H20,  82%  for  2a  and  70%  for  2  b  over  3  steps. 


ever,  the  desired  product  was 
not  isolated.  As  a  result,  we 
masked  the  acid  group  to  gener¬ 
ate  the  2,2,2-trichloroethyl  ester; 
this  protecting  group  was  select¬ 
ed  because  of  its  stability  to 
acids  and  compatibility  with  our 
synthetic  route.  Indeed,  treat¬ 
ment  of  the  ester  with  chlorosul- 
fonic  acid  readily  generated  pro¬ 
tected  sulfonyl  chloride  10. 

The  presence  of  the  linker 
within  the  aryl  sulfonamide  of 
compound  2  c  necessitated 
some  changes  to  the  route  used 
to  assemble  2  b  (Scheme  4). 
Compound  10  was  modified 
with  A/-|3-Boc-protected  diamino- 
propionic  acid  derivative  to  gen¬ 
erate  the  expected  sulfonamide. 
After  removal  of  the  Boc  group, 
the  free  amine  could  be  modi¬ 
fied  with  the  aforementioned  pi- 


combinatorial  library.1351  For  our  studies,  however,  we  required 
quantities  larger  than  those  conveniently  prepared  by  SPPS. 
We  therefore  developed  an  iterative,  solution-phase  route 
(Scheme  3). 

Our  route  began  with  the  commercially  available  diamino- 
propionic  acid,  which  we  esterified  to  form  the  known  methyl 
ester  derivative.1381  Initial  attempts  to  introduce  the  urea  link¬ 
age  by  using  the  coupling  agent  employed  in  the  solid-phase 
route,  pora-nitrophenyl  chloroformate,  proved  unsuccessful. 
Treatment  with  a  known  piperazine-derived  chloroforma- 
mide,1451  however,  provided  the  desired  intermediate  7  in  high 
yield.  The  cyclic  secondary  amine  was  liberated  by  acid-in¬ 
duced  cleavage  of  the  Boc  protecting  group,  and  this  product 
was  subjected  to  amide  bond-forming  conditions  to  afford 
compound  8  in  excellent  overall  yield.  After  removal  of  the 
Boc  group,  the  arginine  mimic  was  introduced  by  using  2- 
methylthio-2-imidazoline  hydroiodide;  hydrolysis  of  the  methyl 
ester  provided  known  compound  2  a  (Scheme  3). 

Compound  8  could  readily  be  elaborated  to  generate  sul¬ 
fonamide  2  b.  To  this  end,  the  Cbz  protecting  group  was  re¬ 
moved  by  hydrogenolysis,  and  the  resulting  amine  was  treated 
with  2-mesitylenesulfonyl  chloride  to  provide  9  in  high  yield. 
The  desired  compound  2  b  was  generated  in  three  additional 
steps:  removal  of  the  Boc-protecting  group,  introduction  of 
the  guanidine  group  as  above,  and  cleavage  of  the  methyl 
ester  (Scheme  3). 

To  embed  a  linker  within  the  aryl  sulfonamide  group  of  2c, 
we  assembled  aryl  sulfonyl  chloride  10  (Scheme  4).  We  subject¬ 
ed  the  commercially  available  3,5-dimethylphenol  to  alkylation 
with  4-bromoethyl  butyrate,  and  the  resulting  ethyl  ester  was 
converted  to  the  acid  under  standard  hydrolytic  conditions. 
We  explored  the  direct  conversion  of  this  intermediate  to  the 
corresponding  sulfonyl  chloride  with  chlorosulfonic  acid;  how- 


Scheme  4.  Synthetic  route  for  the  preparation  of  linker-functionalized  com¬ 
pound  2c:  a)  ethyl-4-bromobutyrate,  K2C03,  Kl,  DMF;  b)  NaOH,  EtOH/H20, 
77%  over  2  steps;  c)  EDCI,  DMAP,  HOCH2CCI3,  CH2CI2,  95%;  d)  CIS02CI, 
CH2CI2,  51  %;  e)  NH2-Dap(Boc)-OMe,  Et3N,  CH2CI2:  81  %;  f)  4n  HCI,  dioxane; 
g)  Boc-protected  piperazine-derived  chloroformamide,1451  Et3N,  CH2CI2,  84% 
over  2  steps;  h)  4n  HCI,  dioxane;  i)  Cbz-4-aminobutyric  acid,  EDCI,  DMAP, 
Et3N,  CH2CI2,  94%  over  2  steps;  j)  Zn,  THF,  1  m  KH2P04;  k)  Boc-NH(CH2)3NH2, 
EDCI,  NHS,  Et3N,  CH2CI2,  83%  over  2  steps;  I)  H2,  Pd(OH)2/C,  MeOH/CHCI3, 
100%;  m)  2-methylthio-2-imidazoline  hydroiodide,  MeOH,  Et3N,  A;  n)  LiOH, 
H20;  o)  TFA,  54%  over  3  steps. 
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perazine-derived  chloroformamide  to  produce  compound  11. 
Removal  of  the  Boc  protecting  group  under  acidic  conditions 
afforded  the  free  secondary  amine.  Initially,  we  synthesized  a 
compound  in  which  the  4-aminobutyric  acid  moiety  was  pro¬ 
tected  with  a  Boc  group  (i.e.,  in 
analogy  to  compound  8).  Un¬ 
fortunately,  cleavage  of  the  Boc 
group  en  route  to  introduction 
of  the  guanidine  derivative  led 
to  a  complex  product  mixture.  A 
switch  in  protecting  group  from 
Boc  to  Cbz  solved  the  problem. 

Removal  of  the  2,2,2-trichloro- 
ethyl  ester  was  effected  by  Zn. 

Initial  attempts  to  directly 
couple  the  resulting  acid  with  a 
mono-Boc-protected  diamine1461 
under  standard,  single-step 
amide  bond-forming  reaction 
conditions  provided  compound 
12 — but  only  in  low  yield.  Con¬ 
verting  the  acid  to  the  succini- 
midyl  (NHS)  ester  prior  to  cou¬ 
pling  greatly  increased  the  yields 
of  the  desired  product.  Hydroge- 
nolysis  of  the  Cbz  protecting 
group  efficiently  provided  the 
resulting  primary  amine  in  quan¬ 
titative  yield.  This  compound 
was  ultimately  converted  to  the 
substituted  guanidine  derivative,  and  the  remaining  protecting 
groups  were  removed  under  standard  conditions  to  afford 
target  compound  2  c  in  15  steps  from  3,5-dimethylphenol 
(Scheme  4). 

Preparation  of  the  a-Gal  epitope 

To  generate  the  bifunctional  conjugates,  we  planned  to  tether 
an  a„p3  integrin  ligand  to  the  a-Gal  epitope  through  a  linker  at 
the  carbohydrate  anomeric  position.  The  disaccharide  Gala(1- 
3)Gal  is  the  minimal  structure  suggested  to  be  required  for 
anti-Gal  antibody  recognition.  Still,  equilibrium-binding  studies 
indicate  that  this  carbohydrate  binds  only  weakly  to  the  anti- 
Gal  antibody  (IC80  =  3.3  itim).[471  In  addition,  we  found  that  even 
multivalent  presentations  of  this  epitope  are  poor  ligands  for 
anti-Gal  antibodies  (unpublished  results).  In  contrast,  the  inter¬ 
action  of  the  trisaccharide  Galct(1  — 3)Gal(5(1  — 4)Glc  for  the  anti- 
Gal  antibody  is  at  least  threefold  stronger.  Moreover,  it  appears 
that  this  epitope  can  recruit  naturally  occurring  anti-Gal  anti¬ 
bodies.1481  As  a  linker,  we  used  an  oligo(ethylene  glycol)-based 
moiety  terminated  with  an  azide  group.  This  structure  was 
added  to  provide  adequate  separation  between  the  two  rec¬ 
ognition  motifs,  because  both  the  cell-surface  receptor  and 
the  anti-Gal  antibody  must  bind  simultaneously.  Studies  with 
surface-bound  displays  of  a„p3  integrin  ligands  have  indicated 
that  linkers  that  can  span  approximately  20  A  (at  their  full  ex¬ 
tension)  are  required  for  efficient  interaction  with  a„p3-positive 


cells.1491  Lastly,  the  azide  serves  as  a  masked  amino  group;  it 
can  be  converted  under  mild  conditions  into  a  substrate  for 
squarate  coupling.  Thus,  the  desired  trisaccharide  20  was  se¬ 
lected  for  synthesis  (Scheme  5). 


Several  methods  for  preparing  a-galactosyl  trisaccharides 
have  been  reported.150-531  The  key  challenge  is  to  form  the 
alpha  linkage  efficiently  and  with  excellent  stereoselectivity.  To 
exploit  the  anomeric  effect  in  forming  the  axial  anomer,  condi¬ 
tions  that  result  in  an  SN1  -like  mechanism  with  a  late  transition 
state  should  favor  the  desired  product.  We  initially  followed  a 
previously  published  protocol  describing  the  high-yielding  re¬ 
action  (>90%)  between  a  3'-OH  group  on  a  lactosyl  acceptor 
and  a  benzyl-protected  galactosyl  donor  with  an  anomeric 
phenyl  sulfoxide  group.1541  We  repeated  this  procedure  and  ob¬ 
tained  the  fully  protected  trisaccharide  in  high  yield  (90%),  but 
only  as  an  inseparable  a/p  isomeric  mixture.  Accordingly,  we 
turned  our  attention  to  a  metal-catalyzed  reaction  of  a  phenyl 
thiogalactoside  13  galactosyl  donor.  We  reasoned  that  this 
process  should  proceed  along  the  desired  mechanistic  path¬ 
way.  Indeed,  the  glycosylation  reaction  of  13  and  151551  in  the 
presence  of  phenylmercury  triflate1561  gave  exclusively  the  a- 
glycoside  16  in  excellent  yield  (90%). 

To  avoid  using  a  toxic  catalyst  in  the  assembly  of  carbohy¬ 
drate  16,  several  other  glycosylation  conditions  were  exam¬ 
ined.  The  most  efficient  procedure  tested  employed  the  donor 
ethyl  thiogalactoside  14  and  copper(ll)  bromide-tetrabutylam- 
monium  bromide  as  a  promoter,1571  and  led  to  16  in  80%  yield 
along  with  some  (10%)  recovered  disaccharide  starting  materi¬ 
al  15.  Although  it  remains  less  efficient  than  the  classical  mer¬ 
cury-catalyzed  glycosylation  reaction,  we  found  this  latter 
method  effective. 
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Scheme  5.  Synthetic  route  to  the  a-Gal  trisaccharide  possessing  an  oligofethylene  glycol)-based  linker  20: 
a)  PhHgOTf,  CH2CI2,  90%;  b)  CuBr2/Bu4NBr,  80%;  c)  H2,  10%  Pd/C,  EtOAc/MeOH/H20/AcOH;  d)  Ac20,  DMAP,  pyri¬ 
dine,  92%  over  2  steps;  e)  NH2NH2-HOAc,  DMF;  f)  CI3CCN,  DBU,  CH2CI2,  75%  over  2  steps;  g)  H-(OCH2CH2)4-N3, 
BF3*OEt2,  CH2CI2,  4  A  MS,  58%;  h)  cat.  NaOMe,  MeOH;  i)  H2,  Pd(OH)2/C,  MeOH/CHCI3,  98%  over  2  steps. 
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We  appended  the  anomeric  linker  after  generating  the  tri¬ 
saccharide,  as  this  strategy  allows  for  the  introduction  of  differ¬ 
ent  anomeric  substituents.  We  converted  compound  16  into 
an  appropriate  glycosyl  donor,  the  peracetylated  trichloroaceti- 
midate  derivative  17,  in  four  steps.  The  glycosylation  reaction 
proceeded  smoothly  to  afford  compound  18,  which  possesses 
the  azide-bearing  linker.  Removal  of  the  acetate  protecting 
groups  had  to  be  carried  out  at  low  temperature  (4°C)  with  a 
catalytic  amount  of  sodium  methoxide  (NaOMe)  to  attain 
quantitative  yields  of  19.  At  room  temperature  or  under  more 
alkaline  reaction  conditions,  undesired  side  reactions  occurred. 
The  azido  sugar  19  was  reduced  by  catalytic  hydrogenation  to 
give  the  desired  amine  20  in  8  steps  and  35%  or  31  %  overall 
yield  from  13  or  14,  respectively.  With  access  to  appropriately 
functionalized  integrin-targeting  ligands  and  the  oligosacchar¬ 
ide  unit,  we  turned  to  assembling  bifunctional  conjugates. 

Bifunctional  conjugates 

As  described,  a  critical  objective  of  our  initial  studies  was  to 
synthesize  bifunctional  conjugates  that  contain  a  cell-surface¬ 
targeting  agent  and  a  moiety  that  could  direct  the  immune  re¬ 
sponse  to  tumor  cells.  Because  different  ligands  can  serve  as 
the  tumor  homing  agents  or  the  immune  system  activating 
components,  the  modularity  of  dimethyl  squarate-mediated 
coupling  is  attractive.1361  This  conjugation  chemistry  is  both 
chemoselective  and  compatible  with  unprotected  carbohy¬ 
drate  epitopes.158,591  With  regard  to  integrin  ligand  coupling,  it 
is  known  that  primary  amine  groups  can  be  selectively  func¬ 
tionalized  in  the  presence  of  guanidinium  groups.160,611  Still,  the 
utility  of  dimethyl  squarate  for  assembling  this  type  of  com¬ 
plex  conjugate  was  untested;  nevertheless,  we  sought  to 
apply  it  to  the  construction  of  conjugates  1  c,  2d,  and  3c. 

Because  amine-bearing  unprotected  carbohydrates  can  react 
selectively  with  dimethyl  squarate,  we  used  trisaccharide  20  as 
the  initial  coupling  partner.  As  expected,  this  compound  un¬ 
derwent  a  chemoselective  reaction  to  provide  compound  21 
(Scheme  6).  To  generate  the  bifunctional  ligands,  compound 


45%. 

21  was  incubated  under  basic,  aqueous  conditions  with  the 
putative  av|33  integrin  ligand  1b  or  2  c.  After  complete  con¬ 
sumption  of  the  integrin  ligand,  the  desired  products  1  c  and 
2d,  respectively,  were  isolated  in  high  yields.  The  same  syn¬ 
thetic  strategy  was  applied  to  tether  the  cyclic  RGD  peptide,  c- 
(-RGDfK-)  3  a,  to  the  a-Gal  moiety,  thereby  yielding  conjugate 


3  c.  Because  the  activity  of  3  a  as  an  av|33-targeting  ligand  has 
been  well  characterized,  we  envisioned  that  3c  could  be  used 
to  calibrate  our  binding  studies. 

Integrin-binding  assay 

To  ascertain  whether  our  compounds  would  be  useful  as  cell- 
surface-targeting  agents,  a  method  was  needed  to  evaluate 
their  potency  and  selectivity  for  av(33.  To  this  end,  we  examined 
their  ability  to  inhibit  the  binding  of  WM115  cells,  an  av|33-posi- 
tive  human  melanoma  cell  line,  to  fibrinogen,  a  known  protein 
ligand  for  the  av|33  integrin.1621  By  adapting  a  cell-adhesion 
assay  that  had  been  applied  to  assess  inhibitors  of  VLA-4  bind¬ 
ing  to  VCAM-1,1631  we  devised  a  high-throughput  assay  for 
identifying  av|33  ligands.  Briefly,  individual  V-shaped  wells  of  a 
microtiter  plate  were  coated  with  fibrinogen  and  then  blocked. 
WM115  tumor  cells,  labeled  with  a  membrane-permeable  fluo¬ 
rescein  [5-carboxyfluorescein  diacetoxymethyl  ester  (BCECF- 
AM)],  were  added  to  the  wells  in  the  presence  of  various  con¬ 
centrations  of  compound.  After  incubation,  the  plate  was 
gently  centrifuged  to  concentrate  the  nonadherent  cells  in  the 
bottoms  of  the  wells;  the  fluorescence  emission  from  the  re¬ 
sulting  pellets  was  measured  from  below.  Each  of  the  known 
inhibitors  (1  a,  2a,  and  3  a)  was  capable  of  preventing  adhesion 
of  the  cells  to  fibrinogen,  and  their  IC50  values  were  in  the  ex¬ 
pected  (1CT9m)  range  (Table  1).  The  relative  potencies  deter¬ 
mined  with  this  assay  are  consistent  with  those  from  previous 
studies,118,33-351  a  result  that  underscores  the  utility  of  this  assay. 
The  observed  inhibition  depends  on  the  structure  of  the  pepti- 
domimetic.  Compound  3  b,1491  in  which  the  critical  glycine  resi¬ 
due  has  been  replaced  with  |3-alanine,  was  unable  to  inhibit 
binding  (IC50  value  >  5  |im). 

The  potent  IC50  values  for  the  bifunctional  compounds 
(Table  1)  support  the  validity  of  our  attachment  strategy.  For 
example,  the  trisaccharide  substituent  of  conjugate  3  c  had 
minimal  effect  on  its  inhibitory  potency  (compare  with  3  a). 
This  result  is  consistent  with  previous  studies  involving  modifi¬ 
cation  of  compound  3a.164,651  In  contrast,  when  the  a-Gal  epi¬ 
tope  was  introduced  in  conju¬ 
gate  1  b  to  afford  1  c,  the  latter 
1c  was  more  than  tenfold  less 

active.  Ultimately,  the  functional¬ 
ized  derivatives  based  on  ligand 
2  a  proved  to  be  the  most 
potent.  As  hypothesized,  conju¬ 
gate  2  b,  in  which  the  Cbz  group 
is  replaced  by  a  mesitylsulfona- 
mide  moiety,  is  15-fold  more 
active  than  2  a.  Further  modifica¬ 
tion  of  the  4-position  of  the  me¬ 
sityl  group  led  to  minimal 
changes  in  the  observed  potency,  as  can  be  seen  by  the  IC50 
value  of  1.3  mvi  for  compound  2c.  Interestingly,  the  bifunction¬ 
al  compound  2d  is  slightly  more  potent  than  the  correspond¬ 
ing  integrin  ligand  2a.  These  data  provide  clear  evidence  that 
each  of  the  designed  bifunctional  conjugates  can  bind  to  the 
av(33  integrin. 


Scheme  6.  Strategy  for  the  modular  synthesis  of  bifunctional  conjugates  1  c,  2d,  and  3c  by  using  a  squarate- 
mediated  coupling  reaction:  a)  dimethyl  squarate,  Et3N,  MeOH/H20,  69%;  b)  compound  1  b,  50  mivi  borate  buffer 
(pH  9),  71  %;  c)  compound  2  c,  50  mM  borate  buffer  (pH  9),  66%;  d)  compound  3  a,  50  mM  borate  buffer  (pH  9), 
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Table  1.  Inhibition  constants  (IC50  values)  of  compounds  1  a-c,  2a-d,  and 
3a-c  determined  in  an  assay  assessing  the  binding  of  av[33-positive 
WM115  cells  to  immobilized  fibrinogen. 


Compound 

IC50  [nM] 

Compound 

IC50  [nM] 

1  a 

61  ±30 

1  b 

68  ±  1 00 

1  c 

930  ±600 

2a 

8.1  ±2 

2b 

0.55  ±0.2 

2c 

1.3  ±0.4 

2d 

1.8  ±0.7 

3a 

24±6 

3b 

>5000 

3c 

47  ±50 

In  addition  to  high  affinity,  our  targeting  strategy  requires 
that  the  bifunctional  ligands  possess  high  selectivity  for  the 
target  av|33  integrin.  To  assay  for  specificity  over  a  key  related 
integrin,  avp5,  we  utilized  MCF7  human  breast  carcinoma  cells, 
which  are  known  to  display  av|35.  Vitronectin,  the  natural  pro¬ 
tein  ligand  for  this  receptor,1621  was  substituted  for  fibrinogen 
in  our  fluorescence-based  cell-binding  assay.  Under  these  con¬ 
ditions,  we  measured  a  significantly  higher  IC50  value  of  7.8 ± 
5.7  jj.m  for  conjugate  2d,  which  represents  more  than  a  4000- 
fold  decrease  in  potency.  This  value  suggests  that  compound 
2d  is  even  more  selective  for  avp3  integrin  than  the  compound 
(2  a)  upon  which  it  is  based.  These  data  suggest  that  conju¬ 
gates  based  on  our  the  potent  inhibitor  2d  will  exhibit  excel¬ 
lent  cell-targeting  selectivity. 

Antibody-binding  assay 

For  our  synthetic  conjugates  to  function  as  designed,  they 
must  bind  to  av|33-displaying  cells  and  interact  simultaneously 
with  anti-Gal  antibodies.  To  evaluate  whether  they  can  act  in 
this  capacity,  we  incubated  an  a„p3-positive  cell  line,  M21 
human  melanoma  cells,  with  10  nM  of  compound  2d  and 
human  serum;  the  latter  serves  as  a  source  of  anti-Gal  IgG.  To 
test  for  binding  of  anti-Gal,  washed  cells  were  treated  with  a 
fluorescein-labeled  anti-human  IgG  secondary  antibody  and 
subsequently  analyzed  by  flow  cytometry.  In  the  absence  of 
2d,  the  cells  displayed  no  anti-Gal  binding;  however,  cells 
treated  with  2d  exhibited  a  significant  increase  in  the  fluores¬ 
cence  signal  (Figure  3).  These  results  indicate  that  bifunctional 
ligand  2d  maintains  its  ability  to  interact  with  anti-Gal  antibod¬ 
ies  when  bound  to  the  surface  of  a„p3-positive  cells.  Because 
both  the  integrin  binding  domain  and  the  anti-Gal  epitope  can 
function  simultaneously,  our  results  bode  well  for  using  these 
or  related  bifunctional  ligands  as  novel  tumor-targeting 
agents. 

Conclusions 

In  summary,  we  have  successfully  developed  a  modular  route 
to  bifunctional  conjugates  that  target  cells  displaying  the  a„p3 
integrin.  In  devising  integrin  ligands  with  the  appropriate  at¬ 
tributes,  we  designed  and  synthesized  two  avp3-binding  small 
molecules  with  excellent  potencies.  In  addition,  the  selectivity 
of  compound  2d  for  avP3  over  related  integrins  indicates  that 
it  is  a  valuable  new  addition  to  the  limited  set  of  functionalized 
non-peptidic  ligands  that  bind  this  receptor. 


Figure  3.  Representative  flow  cytometry  histogram  illustrating  anti-Gal  anti¬ 
body  binding  to  M21  cells.  M21  tumor  cells  were  treated  with  bifunctional 
conjugate  2d  and  human  serum,  a  source  of  anti-Gal  IgG.  Antibody  binding 
was  detected  by  flow  cytometry  and  a  fluorophore-labeled  secondary  anti¬ 
human  antibody. 

The  sites  for  modification  integrated  into  our  avp3  integrin  li¬ 
gands  and  the  dimethyl  squarate  coupling  chemistry  that  we 
have  employed  can  be  exploited  for  a  variety  of  purposes.  For 
instance,  the  handles  we  have  installed  can  be  used  to  immo¬ 
bilize  the  integrin  ligands,  thereby  creating  surfaces  for  ex¬ 
positive  cell  adhesion  or  growth.126,661  Alternatively,  these  han¬ 
dles  can  serve  as  points  of  attachment  to  tumor  imaging 
agents.  Finally,  our  functionalized  integrin  ligands  can  be  used 
to  append  protein  or  small-molecule  toxins  to  create  novel  an¬ 
titumor  agents. 


Experimental  Section 

General:  All  materials  were  obtained  from  commercial  suppliers 
and  used  as  provided  unless  otherwise  noted.  Reaction  solvents 
were  purified  by  distillation  by  using  standard  protocols.  Tetrahy- 
drofuran  (TFHF),  diethyl  ether,  toluene,  and  benzene  were  distilled 
from  sodium  metal  and  benzophenone  under  an  argon  atmos¬ 
phere.  Triethylamine  and  dichloromethane  were  distilled  from  cal¬ 
cium  hydride.  Methanol  was  distilled  from  magnesium.  Dimethyl- 
formamide  (DMF)  was  rendered  amine-free  by  treatment  with 
Dowex  50WX8-200  cation-exchange  resin  (H +  form,  1  gL~').  Di- 
methylsulfoxide  (DMSO)  was  stored  over  3  A  molecular  sieves.  All 
moisture-  and  air-sensitive  reactions  were  carried  out  in  flame- 
dried  glassware  under  an  atmosphere  of  nitrogen.  Liquid  reagents 
were  introduced  by  oven-dried  glass  syringes.  To  monitor  the 
progress  of  reactions,  thin-layer  chromatography  (TLC)  was  per¬ 
formed  with  Merck  (Darmstadt)  silica  gel  60  F254  precoated  plates 
by  eluting  with  the  solvents  indicated.  Analyte  visualization  was  ac¬ 
complished  by  busing  a  multiband  UV  lamp  and  charring  with  one 
of  the  following  stains:  p-anisaldehyde,  ninhydrin,  potassium  per¬ 
manganate,  or  phosphomolybdic  acid.  Flash  chromatography  (FC) 
was  performed  on  Scientific  Adsorbents  Incorporated  silica  gel 
(32-63  pM,  60  A  pore  size)  by  using  distilled  reagent-grade  hex¬ 
anes  and  ACS-grade  ethyl  acetate  or  methanol  and  chloroform.  'FI 
and  ,3C  NMR  spectra  were  recorded  on  Bruker  AC-300  or  Varian 
lnova-500  spectrometers,  and  chemical  shifts  are  reported  relative 
to  tetramethylsilane  (TMS)  or  residual  solvent  peaks  in  parts  per 
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million.  Yields  were  calculated  for  materials  that  appeared  as  a 
single  spot  by  TLC  and  homogeneous  by  ’H  NMR.  HPLC  was  per¬ 
formed  on  a  Spectra-Physics  UV2000  instrument,  with  UV  absorp¬ 
tion  at  220  nm  and/or  254  nm  for  analyte  detection.  Samples  were 
eluted  on  reversed-phase  Cl 8  columns  from  Vydac  (Protein  &  Pep¬ 
tide  /  =  220  mm,  i.d.  =  5  or  10  mm,  10  or  22  pm  particle  size). 
Liquid  chromatography/mass  spectroscopy  (LCMS)  measurements 
were  performed  on  a  Shimadzu  LCMS  2010. 

Biological  studies:  All  chemicals  were  from  Sigma-Aldrich  unless 
otherwise  noted.  All  cell-culture  reagents,  including  minimal  essen¬ 
tial  medium  alpha  (aMEM),  RPMI-1640,  fetal  bovine  serum  (FBS), 
penicillin-streptomycin  (pen-strep),  L-glutamine  (Gin),  insulin,  and 
trypsin-EDTA,  were  from  Invitrogen.  Tissue  culture  flasks  for  adher¬ 
ent  cells  were  obtained  from  Sarstedt  (Newton,  NC).  The  dye  2', 7'- 
bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein,  acetoxymethyl 
ester  (BCECF-AM)  was  from  Molecular  Probes  (Eugene,  OR).  Bovine 
serum  albumin  (BSA)  was  from  Research  Organics  (Cleveland,  OH). 
V-shaped  96-well  plates  were  obtained  from  Nalge  Nunc,  Interna¬ 
tional  (Rochester,  NY).  Fibrinogen  and  vitronectin  were  from  Cal- 
Biochem  (San  Diego,  CA).  FITC-labeled  goat  anti-human  IgG  was 
from  Vector  Laboratories  (Burlingame,  CA). 

Tumor  cells:  Human  MCF7  breast  carcinoma  cells  and  WM115  mel¬ 
anoma  cell  lines  were  from  American  Type  Culture  Collection  (Man¬ 
assas,  VA).  M21  cells  (sorted  for  high  levels  of  av|33  integrin)  were 
kindly  provided  by  Drs.  P.  M.  Sondel  and  S.  C.  Helfand  (University  of 
Wisconsin-Madison).  WM115  cells  were  grown  in  aMEM  supple¬ 
mented  with  10%  FBS,  Gin  (2  mu),  and  100  U  antibiotics  pen- 
strep.  MCF7  cells  were  grown  as  above,  but  the  medium  was  fur¬ 
ther  supplemented  with  insulin  (0.01  mgmL-1).  M21  cells  were  cul¬ 
tured  in  RPMI-1640  supplemented  with  10%  FBS,  Gin  (2  mrvi),  and 
100  U  pen-strep.  All  cells  were  detached  from  flasks  with  0.05% 
trypsin-EDTA. 

Synthesis  of  compound  4:  The  known  aniline  derivative1431  (1.0  g, 
5.7  mmol)  was  dissolved  in  a  1:1  (v/v)  mixture  of  acetone  and 
aqueous  H2S04  (3n,  260  mL),  and  the  solution  was  cooled  to 
— 20°C.  A  solution  of  NaN02  (9.0  g,  0.13  mol)  in  H20  (70  mL)  was 
added  dropwise,  during  which  time  the  mixture  became  gummy. 
To  this  suspension,  a  solution  of  urea  (1 .4  g,  23  mmol)  and  Kl 
(33.0  g,  200  mmol)  in  H20  (50  mL)  was  added  dropwise.  Nitrogen 
gas  evolved  from  the  reaction  during  the  course  of  the  addition. 
The  mixture  was  removed  from  the  ice  bath  and  stirred  for  3  h  at 
RT.  Saturated  aqueous  NaHC03  (200  mL)  was  added  to  the  mixture, 
and  the  acetone  was  removed  under  reduced  pressure.  The  result¬ 
ing  solution  was  extracted  with  EtOAc  (3x100mL),  and  the  com¬ 
bined  organic  extracts  were  washed  with  saturated  aqueous 
NaHC03  (2x80  mL)  and  brine  (2x80  mL)  and  then  dried  (Na2S04). 
The  solvents  were  removed  under  reduced  pressure,  and  the  resi¬ 
due  was  purified  by  FC  (hexane/EtOAc  1:1)  to  yield  4  as  a  white 
solid  (1.53  g,  92%).  'H  NMR  (300  MHz,  CDCI3):  (3  =  8.23  (m,  1  H),  7.92 
(m,  1  H),  7.88  (m,  1  H),  4.66  (s,  2H),  3.89  (s,  3H);  13C  NMR  (75  MHz, 
CDCI3):  (5  =  165.49,  143.23,  139.64,  137.01,  131.40,  126.66,  126.47, 
93.77,  77.40,  76.97,  76.55,  63.23,  52.34;  LRMS  (El):  calcd  for  C9H9I03 
[M]+  292.0;  found  292.0. 

Synthesis  of  compound  5:  Aryl  iodide  4  (490  mg,  1.7  mmol),  N- 
Boc-propargyl  amine  (520  mg,  3.4  mmol),  and  PdCI2(PPh3)2  (36  mg, 
0.050  mmol)  were  dissolved  in  THF  (7  mL);  Et3N  (490  |xL,  3.4  mmol) 
was  added,  and  the  reaction  mixture  was  stirred  for  10  min  at  RT. 
Cul  (9.5  mg,  0.050  mmol)  was  then  added,  and  the  reaction  mix¬ 
ture  was  stirred  for  1.5  h  at  RT.  After  this  time,  the  THF  was  re¬ 
moved  under  reduced  pressure,  and  the  residue  was  suspended  in 
EtOAc  (15  mL).  The  resulting  suspension  was  washed  with  5% 


aqueous  citric  acid  (2x5  mL),  saturated  aqueous  NaHC03  (2x 
5  mL),  1%  aqueous  sodium  diethyldithiocarbamate  (2x5  mL),  and 
brine  (2x5  mL)  and  dried  (Na2S04).  The  solvents  were  removed 
under  reduced  pressure,  and  the  residue  was  purified  by  FC 
(hexane/EtOAc  3:1  to  2:1)  to  yield  the  alkyne  product  (534  mg, 
98%).  ’H  NMR  (300  MHz,  CDCI3):  <5  =  7.89  (s,  2H),  7.53  (s,  1  H),  5.09 
(brs,  1  H),  4.63  (s,  2H),  4.09  (d,  7  =  5.1  Hz,  1  H),  3.86  (s,  3H),  3.25 
(brs,  1  H),  1.43  (s,  9H);  13C  NMR  (75  MHz,  CDCI3):  <5  =  166.39,  155.49, 
141.88,  134.01,  131.64,  130.32,  127.50,  123.23,  86.42,  81.93,  79.94, 
63.90,  52.29,  31.04,  28.34;  LRMS  (ESI):  calcd  for  C34H42N2NaO10- 
[2/W+Na]2+  661.2;  found  661.2. 

The  above  alkyne  (530  mg,  1.7  mmol)  was  dissolved  in  THF  (8  mL), 
Et3N  (960  pL,  6.6  mmol)  was  added,  and  the  mixture  was  cooled  to 
0°C.  Methanesulfonyl  chloride  (200  |iL,  2.50  mmol)  was  added 
dropwise,  and  the  reaction  mixture  was  stirred  at  RT  for  1.5  h.  A  so¬ 
lution  of  NaN3  (860  mg,  13  mmol)  and  Bu4NBr  (54  mg,  0.17  mmol) 
in  water  (2  mL)  was  then  added,  and  the  mixture  was  heated  at 
reflux  for  20  min.  After  cooling,  the  reaction  mixture  was  diluted 
with  EtOAc  (15  mL),  washed  with  5%  aqueous  citric  acid  (2x5  mL), 
saturated  aqueous  NaHC03  (2x5  mL),  and  brine  (2x5  mL)  and 
dried  (Na2S04).  Removal  of  the  solvents  under  reduced  pressure 
followed  by  purification  by  FC  (hexane/EtOAc  7:1)  provided  the 
azide  as  an  oil  (508  mg,  89%).  ’H  NMR  (300  MHz,  CDCI3):  <5  =  8.01  (t, 
7  =  1.6  Hz,  1  H),  7.89  (t,  7=1.7  Hz,  1  H),  7.52  (t,  7=1.7  Hz,  1  H),  4.92 
(brs,  1  H),  4.35  (s,  2H),  4.13  (d,  7=5.8  Hz,  1  H),  3.90  (s,  3H),  1.45  (s, 
9  H);  ,3C  NMR  (75  MHz,  CDCI3):  0  =  165.79,  155.28,  136.17,  135.06, 
132.45,  130.87,  128.67,  123.79,  110.06,  87.12,  81.43,  53.78,  52.32, 
30.99,  28.27;  LRMS  (ESI):  calcd  for  C17H20N4NaO4  [/W+Na]+  367.1; 
found  367.1. 

This  azide  intermediate  (500  mg,  1.45  mmol)  was  dissolved  in  THF/ 
MeOH  (10  mL,  10:1),  and  a  solution  of  LiOH  (120  mg,  2.9  mmol)  in 
H20  (3  mL)  was  added.  The  mixture  was  stirred  for  3  h,  then  THF 
and  MeOH  were  removed  under  reduced  pressure.  HCI  (1  n)  was 
added  to  the  remaining  liquid,  and  the  mixture  was  extracted  with 
EtOAc  (3x10  mL).  The  combined  organic  layers  were  washed  with 
brine  (3x10  mL)  and  dried  (Na2S04).  The  solvent  was  removed 
under  reduced  pressure  to  yield  5  (461  mg,  96%)  as  a  white  solid. 
’H  NMR  (300  MHz,  CD3OD):  <5  =  7.95  (t,  7=1.4  Hz,  1  H),  7.91  (t,  7= 
1 .4  Hz,  1  H),  7.56  (t,  7=  1 .4  Hz,  1  H),  4.42  (s,  2  H),  4.07  (s,  2  H),  1 .45  (s, 

9  H);  13CNMR  (75  MHz,  CD3OD):  <5  =  168.88,  158.38,  138.69,  136.58, 
133.68,  133.29,  130.36,  125.61,  88.94,  82.16,  81.10,  55.02,  31.79, 
29.14;  LRMS  (ESI):  calcd  for  C16H17N404  [M-H]  329.1;  found  329.1. 

Synthesis  of  amino  acid  6:  Azide  5  (460  mg,  1.39  mmol)  was  dis¬ 
solved  in  MeOH/CHCI3  (30  mL,  30:1)  and  solid  Pd(OH)2/C  (120  mg) 
was  added.  The  reaction  mixture  was  placed  under  1  atm  of  H2  for 
3  h  and  then  filtered  through  Celite.  Removal  of  solvent  under  re¬ 
duced  pressure  provided  the  crude  amine  which  was  used  directly 
in  the  next  reaction.  'H  NMR  (300  MHz,  CD3OD):  <5  =  7.97  (brs,  1  H), 
7.89  (brs,  1  H),  7.26  (brs,  1  H),  4.19  (s,  2H),  3.06  (t,  7=6.8  Hz,  2H), 
2.72  (t,  7  =  6.8  Hz,  2H),  1.81  (p,  7=7.5,  2H),  1.43  (s,  9 H);  LRMS  (ESI): 
calcd  for  C16H25N204  [M+H]+  309.2;  found  309.2. 

The  crude  amine  was  dissolved  in  water  (2  mL),  and  Et3N  was 
added  to  adjust  the  solution  to  pH  8.  The  mixture  was  cooled  to 
0°C,  a  solution  of  9-fluorenylmethyloxycarbonyl-A/-hydroxysuccini- 
mide  (Fmoc-OSu;  520  mg,  1.5  mmol)  dissolved  in  acetonitrile 
(6  mL)  was  then  added,  and  the  pH  of  the  solution  was  readjusted 
to  8.  After  1.3  h  at  RT,  the  pH  was  adjusted  to  5  with  1  n  HCI;  the 
acetonitrile  was  removed  under  reduced  pressure.  The  remaining 
solution  was  acidified  to  pH  2,  washed  with  EtOAc  and  CH2CI2  (3x 

10  mL  each),  and  the  organic  layers  were  dried  (Na2S04).  The  sol¬ 
vents  were  removed  under  reduced  pressure,  the  resulting  residue 
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was  dissolved  in  MeOH,  the  mixture  was  adsorbed  onto  silica  gel, 
and  the  resulting  mixture  was  placed  atop  a  silica  gel  column  with 
CH2CI2.  Elution  with  hexane/EtOAc  (2:1)  with  1  %  acetic  acid  provid¬ 
ed  6  (480  mg,  65%  over  two  steps)  as  a  white  solid,  which  con¬ 
tained  a  trace  of  fluorenyl  by-products.  'H  NMR  (300  MHz,  CDCI3/ 
CD3OD):  <3  =  7.72  (m,  4  H),  7.57  (d,  7=  7.7  Hz,  2  H),  7.27  (m,  5  H),  4.31 
(m,  3 H),  4.15  (t,  7  =  6.5  Hz,  1  H),  3.03  (t,  7=  7.1  Hz,  2H),  2.62  (t,  7  = 
7.4  Hz,  2 H),  1.75  (t,  7  =  7.4  Hz,  2H),  1.39  (s,  9H);  13C  NMR  (75  MHz, 
CDCI3/CD3OD):  <5  =  168.33,  156.98,  156.45,  143.34,  141.88,  140.69, 
138.97,  131.49,  130.42,  128.02,  127.06,  126.45,  125.74,  127.46, 
19.26,  78.52,  66.25,  43.79,  43.67,  39.25,  32.13,  30.77,  27.52;  LRMS 
(ESI):  calcd  for  C31H33N206  [/W+H]+  529.2;  found  529.3. 

Solid-phase  synthesis  of  peptide  1  b:  Synthesis  was  performed 
manually  in  a  10  ml_  polyethylene  syringe  containing  a  polypropy¬ 
lene  frit.  Fmoc-Gly-Sasrin  resin  (0.69mmolg_1  loading,  114  mg, 
0.0786  mol;  Bachem)  was  swelled  in  and  washed  with  CH2CI2  and 
DMF  prior  to  use.  To  effect  cleavage  of  the  Fmoc  group,  a  solution 
of  piperidine  in  DMF  (20%,  4mL)  was  drawn  up  into  the  syringe, 
and  the  vessel  was  agitated  for  5  min.  The  resin  was  washed  with 
DMF  (2x),  and  the  process  was  repeated.  The  resin  was  washed 
with  DMF  (3x),  CH2CI2  (3x),  MeOH  (lx),  and  DMF  (3x),  and  the 
success  of  the  cleavage  was  assessed  by  Kaiser  test.  Next,  the  de¬ 
sired  amino  acid  (4eguiv),  PyBOP  (4  equiv)  and  HOBt  (4  equiv) 
were  dissolved  in  a  minimal  amount  of  DMF.  A/,A/-diisopropylethyla- 
mine  (DIPEA;  4  equiv)  was  added,  and  the  solution  was  drawn  into 
the  syringe.  The  reaction  vessel  was  agitated  for  2  h,  the  resin  was 
washed  with  DMF  (3 x),  CH2CI2  (3x),  MeOH  (lx),  and  DMF  (3x), 
and  the  success  of  the  coupling  was  assessed  again  by  the  Kaiser 
test.  This  process  was  repeated  for  each  amino  acid  residue.  After 
final  Fmoc  cleavage,  the  resin  was  first  washed  with  CH2CI2  (3x).  A 
1  %  TFA  solution  (5  mL)  was  drawn  into  the  syringe  and  agitated 
for  15  min  and  then  expelled  into  a  mixture  of  CH2CI2  and  Et3N. 
This  process  was  repeated  (5x),  and  the  resin  was  washed  with 
CH2CI2  (2x).  Concentration  of  the  cleavage  solutions  under  re¬ 
duced  pressure  provided  the  crude,  side-chain-protected  linear 
peptide  (58  mg).  Identity  of  the  product  was  confirmed  by  LCMS 
(ESI):  calcd  for  C48H74N9013S  [M+H]+  1016.5;  found  1016.4. 

To  effect  cyclization  in  solution,  a  portion  of  the  crude  peptide 
(43  mg,  0.042  mmol)  was  dissolved  in  distilled  DMF  (30  mL, 
0.0015  mM),  and  PyBOP  (26  mg,  0.050  mmol)  and  DIPEA  (23  pL, 
0.13  mmol)  were  added.  The  reaction  mixture  was  stirred  for  12  h 
at  RT,  a  second  portion  of  PyBOP  (26  mg,  0.050  mmol)  and  DIPEA 
(23  pL,  0.13  mmol)  was  added,  and  the  reaction  mixture  was  stirred 
for  an  additional  12  h.  Water  was  added,  and  the  solvents  were  re¬ 
moved  under  high  vacuum.  The  identity  of  the  product  was  con¬ 
firmed  by  LCMS  (ESI):  calcd  for  C48H74N9013S  [/W+H]+  998.5;  found 
998.4. 

The  crude  cyclized  product  was  dissolved  in  a  TFA  deprotection 
cocktail  (TFA/triisopropylsilane  (TIS)/H20,  95:2.5:2.5,  5  mL),  and  the 
solution  was  stirred  for  2  h.  The  majority  of  the  TFA  was  removed 
under  a  stream  of  N2  gas,  and  the  remainder  was  precipitated  into 
cold  diethyl  ether  with  filtration  through  a  plug  of  glass  wool.  The 
resulting  solid  was  collected  and  purified  by  HPLC  to  yield  16 
(13  mg,  45%)  as  the  mono  TFA  salt.  'H  NMR  (500  MHz,  CD3OD):  6  = 
7.59  (s,  1  H),  7.54  (s,  1  H),  7.31  (s,  1  H),  4.63  (d,  7=16.3  Hz,  1  H),  4.49 
(m,  2  H),  4.32  (q,  7  =  7.3  Hz,  1  H),  4.23  (d,  7=16.5  Hz,  1  H),  4.21  (d, 
7  = 18  Hz,  1  H),  3.73  (d,  7=  1 7.1  Hz,  1  H),  3.13  (m,  2H),  3.00  (dd,  7  = 
17.1,  6.5  Hz,  1  H),  2.94  (t,  J=  7.9  Hz,  2H),  2.76  (t,  7=8.8  Hz,  2H),  2.67 
(dd,  7=17.1,  7.4  Hz,  1  H),  2.05  (m,  1  H),  1.99  (p,  7=7.9  Hz,  2H), 
1.72-1.55  (m,  3  H),  4.54  (d,  7  =  7.4  Hz,  3H),  1.36  (m,  2H);  ,3C  NMR 
(125  MHz,  CD3OD):  (5  =  1 76.46,  174.59,  174.21,  172.97,  172.00, 
171.41,  158.77,  142.23,  141.43,  135.68,  137.71,  126.65,  125.58, 


53.88,  53.41,  52.47,  43.10,  43.02,  42.02,  40.36,  35.84,  33.34,  30.26, 
229.49,  26.52,  17.52;  HRMS  (ESI):  calcd  for  C26H40N9O17  [/W+H]  + 
590.3051;  found  590.3069. 

Synthesis  of  compound  7:  Methyl  N-a-benzyloxycarbonyl-L-2,3-di- 
aminopropionate  (200  mg,  0.7  mmol)  was  dissolved  in  CH2CI2 
(3.5  mL),  Et3N  (300  pL,  2.10  mmol)  was  added,  and  the  suspension 
was  cooled  to  0°C.  The  known  chloroformamide1451  (250  mg, 
0.90  mmol)  was  then  added,  and  the  solution  was  stirred  overnight 
at  RT.  The  reaction  mixture  was  then  diluted  with  EtOAc  (20  mL), 
washed  with  5%  aqueous  citric  acid  (2x10  mL),  saturated  aqueous 
NaHC03  (2x10  mL),  and  brine  (2x10  mL),  and  dried  (Na2S04).  The 
solvents  were  removed  under  reduced  pressure,  and  the  resulting 
residue  was  purified  by  FC  (hexane/EtOAc  2:3  to  0:1)  to  yield  7 
(294  mg,  92%)  as  an  oil.  'H  NMR  (300  MHz,  CDCI3):  (5  =  7.32  (m, 
5  H),  6.42  (d,  7=7.3  Hz,  1  H),  5.59  (t,  7=5.6  Hz,  1  H),  5.07  (m,  2H), 
4.37  (m,  1  H),  3.71  (s,  3H),  3.61  (m,  2H),  3.32  (m,  8H),  1.46  (s,  9H); 
,3C  NMR  (75  MHz,  CDCI3):  (5  =  170.84,  157.56,  156.41,  154.42,  135.99, 
128.37,  128.07,  127.93,  80.03,  66.95,  54.85,  52.57,  43.36,  43.09, 
28.23;  LRMS  (ESI):  calcd  for  C22H32N4Na07  [M+Na]+  487.2;  found 
487.2. 

Synthesis  of  compound  8:  Compound  7  (715  mg,  1.54  mmol)  was 
dissolved  in  4n  HCI/dioxane  (8  mL),  and  the  resulting  solution  was 
stirred  for  15  min  at  RT  during  which  time  an  oil  precipitated.  The 
solution  was  sparged  with  nitrogen  to  remove  HCI,  and  the  solvent 
was  removed  under  reduced  pressure  to  yield  the  crude  amine. 
This  compound,  A/-Boc-4-aminobutyric  acid  (370  mg,  1.8  mmol) 
and  4-dimethylamino  pyridine  (DMAP;  12  mg,  0.18  mmol)  were  dis¬ 
solved  in  CH2CI2  (7.5  mL).  The  solution  was  cooled  to  0°C,  and  1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide  (EDCI;  345  mg, 
1.80  mmol)  was  added.  The  reaction  mixture  was  stirred  for  5  min 
at  0°C,  and  Et3N  (780  pL,  5.4  mmol)  was  then  added.  After  6  h  at 
RT,  the  reaction  mixture  was  diluted  with  EtOAc  (50  mL),  washed 
with  5%  aqueous  citric  acid  (2x20  mL),  saturated  aqueous 
NaHCOj  (2x20  mL),  and  brine  (2x20  mL)  and  dried  (Na2S04).  The 
solvents  were  removed  under  reduced  pressure,  and  the  resulting 
residue  was  purified  by  FC  (MeOH/CH2CI2  5:95  to  10:90)  to  yield  8 
(732  mg,  89%)  as  a  white,  foamy  solid.  'H  NMR  (300  MHz,  CDCI3): 
(5  =  7.30  (m,  5  H),  6.34  (d,  7=7.2  Hz,  1  H),  5.57  (t,  7  =  5.0  Hz,  1  H), 
5.05  (m,  2  H),  4.9  (t,  7  =  5.6  Hz,  1  H),  4.35  (m,  1  H),  3.70  (s,  3H),  3.67- 
3.49  (m,  4H),  3.35  (s,  4H),  3.24  (m,  2H),  3.12  (q,  7  =  6.2  Hz,  2H),  6.2 
(t,  7=7.2  Hz,  2 H),  1.77  (p,  7  =  6.9  Hz,  2H),  1.39  (s,  9H);  13C  NMR 
(75  MHz,  CDCI3):  (5  =  171.09,  170.94,  157.63,  156.38,  156.02,  136.04, 
128.33,  128.02,  127.86,  78.97,  66.81,  55.04,  52.46,  44.87,  43.49, 
43.23,  42.70,  40.83,  39.97,  30.26,  28.23,  25.16;  LRMS  (ESI):  calcd  for 
C26H39Na08  [M+Na]  +  572.3;  found  572.1. 

Synthesis  of  compound  9:  Compound  8  (186  mg,  0.338  mmol) 
was  dissolved  in  MeOH/CHCI3  (40:1,  7  mL).  Pd(OH)2/C  (50  mg)  was 
added,  and  the  reaction  mixture  was  placed  under  1  atm  of  H2  for 
7  h.  The  solution  was  filtered  through  Celite,  and  the  solvents  were 
removed  under  reduced  pressure.  The  crude  amine  was  dissolved 
in  CH2CI2  (3.5  mL),  Et3N  (150  pL,  1.0  mmol)  was  then  added  fol¬ 
lowed  by  2-mesitylenesulfonyl  chloride  (89  mg,  0.41  mmol).  The 
reaction  mixture  was  stirred  at  RT  for  3.5  h,  diluted  with  EtOAc 
(20  mL),  washed  with  5%  aqueous  citric  acid  (2x10  mL),  saturated 
aqueous  NaHC03  (2x10  mL),  and  brine  (2x10  mL),  and  dried 
(Na2S04).  The  solvents  were  removed  under  reduced  pressure,  and 
the  resulting  material  was  purified  by  FC  (5:95  MeOH/CH2CI2)  to 
yield  9  (17.8  mg,  88%)  as  a  white  solid.  'H  NMR  (300  MHz,  CDCI3): 
(5  =  6.92  (s,  2  H),  6.13  (d,  7=7.8  Hz,  1  H),  5.44  (t,  7  =  5.5  Hz,  1  H),  5.5 
(t,  7  =  5.5  Hz,  1  H),  3.90  (td,  7=7.7,  3.7  Hz,  1  H),  3.69  (ABX2,  7AB  = 
13.4  Hz,  7AX|  =  6.3  Hz,  7AX2  =  3.4Hz,  1  H),  3.61  (m,  2H),  3.54  (s,  3H), 
3.49-3.31  (m,  8H),  3.16  (q,  7  =  6.2  Hz,  2H),  2.60  (s,  6H),  2.36  (t,  7= 
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6.9,  2 H),  2.27  (s,  3H),  1.82  (p,  J  =  6.5  Hz,  2H),  1.42  (s,  9 H);  ,3C  NMR 
(75  MHz,  CDCI3):  <3  =  171.32,  170.50,  157.60,  156.24,  142.72,  139.29, 
133.09,  132.11,  79.19,  55.73,  53.90,  45.16,  43.68,  43.60,  43.52,  41.16, 
40.27,  30.57,  28.51,  25.44,  22.65,  21.03;  LRMS  (ESI):  calcd  for 
C22H32N4Na07  [M+Na]  +  620.3;  found  620.3. 

Synthesis  of  compound  2a:  Intermediate  8  (72  mg,  0.13  mmol) 
was  dissolved  in  MeOH  (2  mL).  A  solution  of  4n  HCI/dioxane 
(1  mL)  was  then  added,  the  reaction  mixture  was  stirred  at  RT  for 
1.5  h,  and  the  solvents  were  removed  under  reduced  pressure. 
The  residue  and  2-methylthio-2-imidazoline  hydroiodide  (48  mg, 
0.20  mmol)  were  dissolved  in  MeOH/Et3N  (1:1,  1.4  mL).  The  result¬ 
ing  solution  was  heated  to  reflux  for  2.25  h,  and  the  progress  of 
the  reaction  was  monitored  by  LCMS  (1  pL  reaction  diluted  into 
100  pL  0.4%  aqueous  formic  acid).  The  solvents  were  removed 
under  reduced  pressure,  and  the  residue  was  subsequently  dis¬ 
solved  in  MeOH/H20  (3.3:1,  2.6  mL)  containing  LiOH  (27  mg, 
0.65  mmol).  The  reaction  mixture  was  stirred  for  1.5  h  and  neutral¬ 
ized  with  1  n  HCI,  and  the  solvents  were  removed  under  reduced 
pressure.  The  resulting  reside  was  purified  by  HPLC  to  provide  2  b 
(54  mg,  82%)  as  a  white  solid.  'H  NMR  (300  MHz,  CD3OD):  <3  =  7.32 
(m,  5 H),  5.11  (AB,  7AB=12.3Hz,  1  H),  5.05  (AB,  7AB=12.3Hz,  1  H), 
4.35  (dd,  7=8.1,  4.5  Hz,  1  H),  3.68  (m,  5H),  3.55  (m,  2H),  3.45  (m, 
5 H),  3.33  (m,  2H),  3.20  (t,  J  =  7.0  Hz,  2H),  2.46  (t,  7  =  6.5  Hz,  2H), 
1.86  (p,  7=7.2  Hz,  2  H);  13C  NMR  (75  MHz,  CD3OD):  <5  =  174.10, 
173.43,  161.78,  160.36,  158.81,  138.45,  129.76,  129.32,  129.14, 
67.95,  56.42,  46.42,  44.91,  44.34,  43.47,  42.71,  30.72,  25.76;  HRMS 
(ESI):  calcd  for  C23H33N7Na06  [M+Na]+  504.2571;  found  504.2588. 

Synthesis  of  compound  2b:  Intermediate  9  (51  mg,  0.085  mmol) 
was  dissolved  in  MeOH  (2  mL).  A  solution  of  4n  HCI/dioxane 
(1  mL)  was  then  added,  the  reaction  mixture  was  stirred  at  RT  for 
2  h,  and  the  solvents  were  removed  under  reduced  pressure.  The 
resulting  residue  and  2-methylthio-2-imidazoline  hydroiodide 
(31  mg,  0.13  mmol)  were  dissolved  in  MeOH/Et3N  (1:1  0.9  mL).  The 
resulting  solution  was  heated  to  reflux  for  4  h,  a  further  portion  of 
2-methylthio-2-imidazoline  hydroiodide  (20  mg,  0.082  mmol)  was 
added,  and  the  reaction  mixture  was  heated  for  an  addition  2  h, 
the  progress  of  the  reaction  was  monitored  by  LCMS  (1  pL  reaction 
diluted  into  100  pL  0.4%  aqueous  formic  acid).  The  solvents  were 
removed  under  reduced  pressure,  and  the  residue  was  subse¬ 
quently  dissolved  in  MeOH/H20  (3.3:1,  1.9  mL)  containing  LiOH 
(17  mg,  0.41  mmol).  The  reaction  mixture  was  stirred  for  1.5  h  and 
neutralized  with  1  n  HCI,  and  the  solvents  were  removed  under  re¬ 
duced  pressure.  The  resulting  reside  was  purified  by  HPLC  to  pro¬ 
vide  2b  (33  mg,  70%)  as  a  white  solid.  'H  NMR  (500  MHz,  CD3OD): 
<3  =  6.89  (s,  2 H),  3.98  (dd,  7  =  9.0,  4.6  Hz,  1  H),  3.70  (s,  4H),  3.57  (m, 
5H),  3.44  (m,  2H),  3.35  (t,  7=4.7  Hz,  2  H),  3.21  (m,  3H),  2.61  (s,  6H), 
2.48  (t,  7  =  6.9  Hz,  2H),  2.27  (s,  3  H),  1.87  (t,  7=7.2  Hz,  2H);  ,3C  NMR 
(125  MHz,  CD3OD):  <5  =  173.47,  161.78,  160.06,  143.83,  140.77, 

135.76,  133.14,  57.05,  46.41,  44.89,  44.79,  44.34,  43.48,  42.69,  30.73, 

25.76,  23.50,  21.22;  HRMS  (ESI):  calcd  for  C24H38N706S  [/W+H]  + 
552.2604;  found  552.2626. 

Synthesis  of  compound  10:  3,5-Dimethylphenol  (2.0  g,  16  mmol) 
and  ethyl  4-bromobutyrate  (3.1  mL,  21  mmol)  were  dissolved  in 
distilled  DMF  (55  mL).  Potassium  carbonate  (2.5  g,  18  mmol)  and 
potassium  iodide  (270  mg,  1.63  mmol)  were  added,  and  the  result¬ 
ing  suspension  was  heated  to  65  °C  for  20  h.  The  reaction  mixture 
was  then  cooled  to  RT  and  poured  into  ice,  and  the  resulting  solu¬ 
tion  was  extracted  with  Et20  (3x50  mL).  The  combined  organic 
layers  were  washed  with  5%  aqueous  citric  acid  (2x40  mL),  satu¬ 
rated  aqueous  NaHC03  (2x40  mL),  and  brine  (2x40  mL)  and  dried 
(Na2S04).  The  solvent  was  removed  under  reduced  pressure  to 
yield  the  alkylated  product  as  a  viscous  oil  (3.4  g).  'H  NMR 


(300MHz,  CDCI3):  <5  =  6.60  (brs,  1  H),  6.53  (brs,  2H),  4.15  (q,  7  = 
7.2  Hz,  2  H),  3.98  (t,  7=6.2  Hz,  2H),  2.51  (t,  7=7.4  Hz,  2H),  2.29  (d, 
7  =  0.6  Hz,  6H),  2.09  (p,  7  =  7.1  Hz,  2H),  1.28  (t,  7=4.4  Hz,  3  H). 

The  crude  material  isolated  above  (3.4  g,  14  mmol)  was  dissolved 
in  EtOH/H20  (1:2,  71  mL)  containing  NaOH  (1.7  g,  43  mmol),  and 
the  reaction  mixture  was  stirred  for  3  h  at  RT.  The  EtOH  was  re¬ 
moved  under  reduced  pressure,  and  the  remaining  liquid  was 
washed  with  Et20  (2x40  mL).  The  aqueous  layer  was  then  acidified 
to  pH  3  with  concentrated  HCI  and  extracted  with  EtOAc  (3x 
50  mL).  The  combined  organic  layers  were  washed  with  brine  (2x 
40  mL)  and  dried  (Na2S04),  and  the  solvent  was  removed  under  re¬ 
duced  pressure.  The  resulting  solid  was  recrystallized  from  hexane/ 
EtOAc  to  yield  the  acid  intermediate  as  a  colorless  solid  (2.6  g, 
77%  two  steps).  'H  NMR  (300  MHz,  CDCI3):  <3  =  6.60  (m,  1  H),  6.53 
(brs,  2  H),  4.00  (t,  7  =  6  Hz,  2H),  2.59  (t,  7  =  7.2  Hz,  2H),  2.29  (s,  6H), 
2.11  (p,  7  =  6.2  Hz,  2H);  ,3C  NMR  (75  MHz,  CDCI3):  <3  =  179.76, 
158.56,  138.96,  122.35,  122.02,  66.04,  30.43,  24.19,  21.20;  LRMS 
(ESI):  calcd  for  C12H1503  [M-H]  207.1;  found  207.1. 

This  acid  (5.2  g,  25  mmol)  and  2,2,2-trichloroethanol  (2.6  mL, 
27  mmol)  were  dissolved  in  CH2CI2  (125  mL),  and  the  solution  was 
cooled  to  0°C.  EDCI  (5.3  g,  27  mmol)  and  DMAP  (300  mg, 
2.74  mmol)  were  added,  and  the  reaction  was  stirred  at  0°C  for 
10  min  and  at  RT  overnight.  The  solution  was  diluted  with  EtOAc 
(200  mL),  and  the  organic  layer  was  washed  with  5%  aqueous 
citric  acid  (2x60  mL),  saturated  aqueous  NaHC03  (2x60  mL),  and 
brine  (2x60  mL)  and  then  dried  (Na2S04).  The  solvents  were  re¬ 
moved  under  reduced  pressure,  and  the  product  was  purified  by 
FC  (hexane/EtOAc  5:1)  to  yield  the  protected  intermediate  as  a 
clear  oil  (8.0  g,  95%).  ’H  NMR  (300  MHz,  CDCI3):  <3  =  6.60  (brs,  1  H), 
6.52  (brs,  2H),  4.76  (s,  2H),  4.01  (t,  7=5.9  Hz,  2H),  2.69  (t,  7  = 
7.4  Hz,  2  H),  2.28  (d,  7  =  0.5  Hz,  6H),  2.16  (p,  7=7.1  Hz,  2H);  13C  NMR 
(75  MHz,  CDCI3):  <3  =  171.64,  158.76,  139.19,  122.61,  112.24,  94.95, 
73.95,  66.19,  30.56,  24.55,  21.43;  LRMS  (ESI):  calcd  for  C14H17CI3Na03 
[M+Na]+  361.0;  found  361.0. 

The  above  masked  intermediate  (1.2  g,  0.55  mmol)  was  dissolved 
in  CH2CI2  (5.5  mL),  and  the  solution  was  cooled  to  0°C.  Chlorosul- 
fonic  acid  (720  pL,  11  mmol)  was  added  over  5  min,  and  the  mix¬ 
ture  was  allowed  to  stir  at  0°C  for  5  min  and  then  at  RT  for  an 
15  min.  An  additional  portion  of  chlorosulfonic  acid  (400  pL)  was 
then  added  over  15  min,  and  the  reaction  mixture  was  stirred  for 
an  additional  10  min.  The  solution  was  then  poured  into  ice  and 
extracted  with  ethyl  acetate  (3x50  mL),  then  the  combined  organ¬ 
ic  layers  were  dried  (Na2S04).  The  solvents  were  removed  under  re¬ 
duced  pressure,  and  the  resulting  residue  was  purified  through  a 
plug  of  silica  gel  (CH2CI2)  to  yield  sulfonyl  chloride  10  as  an  oil 
(800  mg,  51%).  ’H  NMR  (300  MHz,  CDCI3):  <3  =  6.68  (s,  2H),  4.75  (s, 
2 H),  4.11  (t,  7=6  Hz,  2H),  2.90  (s,  6H),  2.68  (t,  7=7.5  Hz,  2H),  2.19 
(p,  7=6.2  Hz,  2H).  This  material  was  used  without  further  purifica¬ 
tion  in  the  next  step. 

Synthesis  of  compound  11:  Compound  10  (260  mg,  0.595  mmol) 
was  dissolved  in  CH2CI2  (2.3  mL),  and  methyl  A/-|3-ferf-butyloxycar- 
bonyl-L-2,3-diaminopropionate  (117  mg,  0.459  mmol)  and  Et3N 
(270  pL,  1.87  mmol)  were  then  added.  After  4.5  h  at  RT,  the  reac¬ 
tion  mixture  was  diluted  with  ethyl  acetate  (10  mL),  and  the  organ¬ 
ic  layer  was  washed  with  5%  aqueous  citric  acid  (2x10  mL),  satu¬ 
rated  aqueous  NaHC03  (2x10  mL),  and  brine  (2x10  mL)  and  dried 
(Na2S04).  The  solvents  were  removed  under  reduced  pressure,  and 
the  resulting  residue  was  purified  by  flash  FC  (hexane/EtOAc  3:1  to 
1:1)  to  yield  the  desired  sulfonamide  as  a  foamy  solid  (230  mg, 
81  %).  ’H  NMR  (300  MHz,  CDCI3):  <3  =  6.59  (s,  2H),  5.88  (d,  7  =  8.2  Hz, 
1  H),  5.11  (t,  7=6.0  Hz,  1  H),  4.73  (s,  2H),  4.02  (t,  7=6.1  Hz,  2H),  3.86 
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(m,  1  H),  3.54  (s,  3H),  3.42  (t,  2  =  6.5  Hz,  2H),  2.64  (t,  2=7.2  Hz,  2H), 
2.50  (s,  6H),  2.13  (p,  2=6.5  Hz,  2H),  1.37  (s,  9H);  ,3C  NMR  (75  MHz, 
CDCI3):  (5  =  171.28,  170.40,  160.35,  155.92,  141.78,  128.21,  116.44, 
94.74,  73.85,  66.31,  55.40,  52.74,  43.02,  30.21,  28.15,  24.15,  23.24; 
LRMS  (ESI):  calcd  for  C23H33CI3Na09S  [/W+Na]+  641.1;  found  641.0. 

The  sulfonamide  isolated  above  (312  mg,  0.504  mmol)  was  dis¬ 
solved  in  4  n  HCI/dioxane  (2.5  mL),  and  the  reaction  mixture  was 
stirred  at  RT  for  1  h.  After  this  time,  the  mixture  was  sparged  with 
a  stream  of  N2  gas  to  remove  excess  HCI;  the  dioxane  was  then 
removed  under  reduced  pressure  to  yield  the  crude  deprotected 
amine  as  an  oil.  'H  NMR  (300  MHz,  CDCI3);  (5  =  6.68  (s,  2H),  4.79  (s, 
2 H),  4.46  (brs,  4H),  4.21  (m,  1  H),  4.10  (t,  2=6.1  Hz,  2H),  3.50  (s, 
3 H),  3.33  (ABX,  2AB=  13.3  Hz,  2AX  =  8.5  Hz,  2BX  =  4.7,  2H),  2.70  (t,  2  = 
7.2  Hz,  2 H),  2.65  (s,  6H),  2.19  (p,  2=6.5  Hz,  2H). 

The  crude  amine  was  dissolved  in  CH2CI2  (2.5  mL),  Et3N  (220  |iL, 
1.52  mmol)  was  added,  and  the  solution  was  cooled  to  0°C.  The 
known  chloroformamide1451  (160  mg,  0.645  mmol)  was  then  added, 
and  the  solution  was  stirred  overnight  at  RT.  The  reaction  mixture 
was  diluted  with  EtOAc  (10  mL),  washed  with  5%  aqueous  citric 
acid  (2x10  mL),  saturated  aqueous  NaHC03  (2x10  mL),  and  brine 
(2x10  mL),  and  dried  (Na2S04).  Removal  of  the  solvent  under 
reduced  pressure  followed  by  purification  by  FC  (hexane/EtOAc  3:2 
to  0:1)  provided  compound  11  as  a  foam  (308  mg,  84%  two 
steps).  'H  NMR  (300  MHz,  CDCI3):  (5  =  6.56  (s,  2H),  6.23  (d,  2  =  7.9  Hz, 
1  H),  5.48  (t,  2=5.6  Hz,  1  H),  4.71  (s,  2H),  4.0  (t,  2=6.0  Hz,  2H),  3.86 
(td,  2=7.6,  4.6  Hz,  1  H),  3.62  (ddd,  2=13.7,  6.2,  3.7  Hz,  1  H),  3.51  (s, 
3  H),  3.33  (m,  10H),  2.63  (t,  2  =  7.4  Hz,  2H),  2.56  (s,  6H),  2.12  (p,  2  = 
7.0  Hz,  2 H),  1.41  (s,  9H);  ,3C  NMR  (75  MHz,  CDCI3):  (5  =  171.36, 
170.53,  160.52,  157.69,  154.61,  141.92,  128.07,  116.57,  94.92,  80.09, 
73.97,  66.45,  55.72,  52.79,  43.53,  43.33,  30.31,  28.40,  24.27,  23.34; 
LRMS  (ESI):  calcd  for  C28H41CI3N4NaO10S  [M+Na]+  730.2;  found 
730.1. 

Synthesis  of  compound  12:  Intermediate  11  (825  mg,  1.12  mmol) 
was  dissolved  in  4n  HCI/dioxane  (7  mL),  and  the  solution  was 
stirred  at  RT  for  1  h.  After  this  time,  it  was  sparged  with  a  stream 
of  N2  gas  to  remove  excess  HCI,  and  the  dioxane  was  removed 
under  reduced  pressure  to  yield  the  deprotected  amine.  CbzNH- 
(CH2)3-COOH  (330  mg,  1.39  mmol)  was  added  to  the  crude  amine, 
and  the  mixture  was  dissolved  in  CH2CI2  (6  mL),  then  cooled  to 
0°C.  EDCI  (270  mg,  1.41  mmol)  and  DMAP  (12  mg,  0.10  mmol) 
were  added,  and  the  reaction  mixture  was  stirred  at  0°C  for 
10  min  and  at  RT  for  5  h.  The  mixture  was  then  diluted  with  EtOAc 
(15  mL),  washed  with  5%  aqueous  citric  acid  (2x15  mL),  saturated 
aqueous  NaHC03  (2x15  mL),  and  brine  (2x15  mL)  and  dried 
(Na2S04).  The  solvents  were  removed  under  reduced  pressure  and 
purification  by  FC  (EtOAc  to  MeOH/CH2CI2  5:95)  yielded  the  prod¬ 
uct  (897  mg,  94%).  ’H  NMR  (300  MHz,  CDCI3):  (5  =  7.33  (m,  5H),  6.61 
(s,  2 H),  6.00  (brt,  2  =  7.9  Hz,  1  H),  5.37  (brs,  1  H),  5.21  (brs,  1  H),  5.07 
(s,  2  H),  4.75  (s,  2  H),  4.04  (t,  2=6.0  Hz,  2H),  3.88  (td,  2=7.6,  3.7  Hz, 

1  H),  3.73  (m,  1  H),  3.59  (m,  2H),  2.59  (s,  3H),  3.39  (m,  8H),  3.24  (q, 

2  =  6.3,  2 H),  2.67  (t,  2  =  7.3  Hz,  2H),  2.61  (s,  6H),  2.36  (t,  2  =  7.1  Hz, 
2 H),  2.16  (p,  2  =  7.0  Hz,  2H),  1.85  (p,  2  =  6.8  Hz,  2 H);  ,3C  NMR 
(75  MHz,  CDCI3):  (5  =  171.26,  171.08,  170.38,  160.48,  157.45,  156.50, 
141.83,  136.59,  128.41,  127.97,  116.54,  94.81,  73.91,  66.39,  55.48, 
52.77,  46.57,  44.94,  43.47,  43.36,  40.99,  40.64,  30.34,  30.23,  25.00, 
24.18,  23.25;  LRMS  (ESI):  calcd  for  C28H41CI3N4NaO10S  [/W+Na]  + 
753.2;  found  753.2. 

The  above  intermediate  (592  mg,  0.695  mmol)  was  dissolved  in 
THF  (40.5  mL),  and  KH2P04  was  added  (1  m,  7.5  mL).  Zn  dust  (13  g) 
was  added,  and  the  reaction  mixture  was  stirred  for  2  h  at  RT.  It 
was  then  acidified  with  1  n  HCI  and  filtered  through  Celite,  and  the 


combined  washings  were  extracted  with  ethyl  acetate  (3x50  mL). 
The  extractions  were  combined,  washed  with  brine  (2x50  mL), 
and  dried  (Na2S04).  Removal  of  the  solvents  under  reduced  pres¬ 
sure  yielded  crude  acid  (587  mg).  'H  NMR  (300  MHz,  CDCI3/CD3OD): 
(5  =  7.22  (m,  5  H),  6.51  (s,  2H),  4.96  (m,  2H),  3.91  (t,  2=6.0  Hz,  2H), 

3.81  (dd,  2  =  8.2,  4.3  Hz,  1  H),  3.45  (m,  3H),  3.27  (m,  8H),  3.09  (t,  2= 

6.6,  2 H),  2.49  (s,  6H),  2.37  (t,  2  =  7.4  Hz,  2H),  2.27  (t,  H  =  7.2  Hz,  2H), 
1.96  (p,  2=6.6  Hz,  2H),  1.70  (p,  2  =  7.0  Hz,  2H);  ,3C  NMR  (75  MHz, 
CDCI3/CD3OD):  (5  =  175.17,  171.65,  170.40,  160.35,  157.63,  156.78, 
141.55,  136.27,  128.14,  127.96,  127.72,  127.55,  116.21,  76.53,  66.50, 
66.23,  55.26,  52.25,  44.78,  42.50,  40.87,  40.01,  29.96,  24.78, 
24.05,  22.81;  LRMS  (ESI):  calcd  for  C33H45N50„S  [M- H]  718.3;  found 
718.3. 

A  portion  of  the  acid  isolated  above  (153  mg,  0.212  mmol),  EDCI 
(48  mg,  0.25  mmol),  and  NHS  (29  mg,  0.25  mmol)  were  dissolved  in 
CH2CI2  (2  mL),  and  the  solution  was  stirred  for  4  h.  BocNH- 
(CH2)3NH2[461  (53  mg,  0.25  mmol)  and  Et3N  (36  pL,  0.63  mmol)  were 
then  added,  and  the  mixture  was  stirred  overnight.  After  dilution 
with  EtOAc  (8  mL),  the  organic  layer  was  washed  with  5%  aqueous 
citric  acid  (2x5  mL),  saturated  aqueous  NaHC03  (2x5  mL),  and 
brine  (2x5  mL)  and  dried  (Na2S04).  The  solvent  was  removed 
under  reduced  pressure,  and  FC  purification  (MeOH/CH2CI2  5:95  to 
10:90)  yielded  12  (152  mg,  83%);  'H  NMR  (300  MHz,  CDCI3):  d  = 
7.31  (m,  5 H),  6.59  (s,  2H),  6.56  (brt,  7=5.1  Hz,  1  H),  6.15  (d,  7= 
7.3  Hz,  1  H),  5.45  (t,  7=5.1  Hz,  1  H),  5.36  (brt,  7=5.3  Hz,  1  H),  5.06 
(m,  2  H),  5.02  (t,  7  =  6.3  Hz,  1  H),  3.98  (t,  7=5.9  Hz,  2H),  3.89  (td,  7= 

7.7,  3.6  Hz,  1  H),  3.66  (ddd,  7=13.3,  5.4,  2.9  Hz,  1  H),  3.57  (m,  5H), 
3.40  (m,  3.43-3.18  (m,  12H),  3.11  (q,  7  =  5.8  Hz,  2H),  2.58  (s,  6H), 
2.35  (t,  7=7.8  Hz,  4H),  2.08  (p,  7  =  6.6  Hz,  2H),  1.83  (p,  7  =  6.8  Hz, 
2 H),  1.57  (p,  7  =  6.4  Hz,  2H),  1.41  (s,  9H);  13C  NMR  (75  MHz,  CDCI3): 
(3  =  172.58,  171.33,  170.70,  160.79,  157.58,  156.73,  141.88,  136.68, 
136.68,  128.54,  128.12,  128.05,  127.94,  116.68,  79.40,  67.16,  66.58, 
55.81,  52.89,  45.06,  43.43,  43.25,  41.12,  40.71,  37.17,  36.02,  32.65, 
30.39,  30.16,  28.44,  25.15,  25.04,  23.37;  LRMS  (ESI):  calcd  for 
C41H61N7NaO,2S  [/W+Na]+  898.4;  found  898.3. 

Synthesis  of  ligand  2c:  Compound  12  (58  mg,  0.066  mmol)  was 
dissolved  in  MeOH/CHCI3  (3  mL,  40:1),  and  solid  Pd(OH)2/C  (14  mg) 
was  added.  The  suspension  was  placed  under  1  atm  of  H2  for  11  h. 
The  reaction  mixture  was  then  filtered  through  Celite,  and  the  sol¬ 
vent  was  removed  under  reduced  pressure  to  afford  the  monopro- 
tected  amine  derivative  (52  mg,  quantitative).  'H  NMR  (300  MHz, 
CD3OD):  (5  =  7.84  (brt,  7  =  4.4  Hz,  1  H),  6.55  (s,  2H),  3.86  (m,  3H), 
3.46-3.29  (m,  8H),  3.27  (m,  2H),  3.17  (m,  3H),  3.05  (m,  2H),  2.88  (m, 
4H),  2.45  (s,  8H),  2.12  (t,  7=7.6  Hz,  2H),  1.90  (p,  7  =  5.5  Hz,  2H), 

1.81  (p,  7=6.6  Hz,  2 H),  1.48  (p,  7  =  6.5  Hz,  2H),  1.27  (s,  9H); 
,3CNMR  (75  MHz,  CD3OD):  (5  =  175.56,  172.86,  172.38,  162.18, 
159.71,  158.59,  143.28,  130.24,  117.70,  80.10,  68.51,  46.26,  56.98, 
52.98,  44.50,  44.59,  43.80,  42.56,  40.66,  38.90,  38.06,  37.94,  33.66; 
LRMS  (ESI):  calcd  for  C33H56N7O10S  [/W+H]+  742.4;  found  742.3. 

This  amine  (26  mg,  0.033  mmol)  and  2-methylthio-2-imidazoline 
hydroiodide  (12  mg,  0.049  mmol)  were  dissolved  in  MeOH  and 
Et3N  (400  piL,  1:1).  The  reaction  mixture  was  heated  at  reflux,  and 
the  progress  of  the  reaction  was  monitored  by  LCMS  (1  pL  of  reac¬ 
tion  mixture  diluted  into  100  pL  0.4%  aqueous  formic  acid).  After 
approximately  4  h,  the  solvents  were  removed  under  reduced  pres¬ 
sure.  The  resulting  residue  was  dissolved  in  a  mixture  of  MeOH 
and  H20  (600  pL,  1:2)  that  contained  LiOH  (4  mg,  0.1  mmol).  The 
solution  was  stirred  for  5  h,  and  progress  was  again  monitored  by 
LCMS.  The  reaction  was  then  neutralized  with  1  n  HCI,  and  the  sol¬ 
vents  were  removed  under  high  vacuum.  TFA  (1.5  mL)  was  then 
added,  and  the  reaction  mixture  was  stirred  for  1.25  h.  Most  of  the 
TFA  was  removed  under  a  stream  of  N2  gas,  and  the  product  was 
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triturated  with  cold  Et20.  The  crude  mixture  was  purified  by  HPLC 
to  yield  2c  as  a  white  solid  (14  mg,  54%).  'H  NMR  (500  MHz, 
CD3OD):  <5  =  6.69  (s,  2 H),  4.03,  (t,  7  =  5.9  Hz,  2H),  3.93  (dd,  7=8.8, 
4.6  Hz,  1  H),  3.70  (s,  4H),  3.63-3.52  (m,  5H),  3.45  (t,  7=4.9  Hz,  2H), 
3.37  (t,  7=5.1  Hz,  2  H),  3.27,  (t,  7=6.3  Hz,  2H),  3.23  (t,  7  =  4.7  Hz, 
1  H),  3.21  (t,  7  =  6.9  Hz,  2H),  2.92  (t,  7=7.1  Hz,  2H),  2.62  (s,  6H),  2.49 
(t,  7=6.8  Hz,  2 H),  2.39  (t,  7  =  7.4  Hz  2H),  2.06  (p,  7=6.4  Hz,  2H), 

I. 87  (p,  7  =  6.8  Hz,  2  H),  1.82  (p,  7  =  7.5  Hz,  2H);  ,3C  NMR  (125  MHz, 
CD3OD):  (5  =  176.51,  173.49,  162.30,  161.80,  160.07,  143.44,  130.54, 
117.82,  68.50,  57.14,  46.44,  44.94,  44.80,  44.48,  44.37,  43.51,  42.74, 
38.51,  37.22,  33.54,  30.76,  29.10,  26.66,  25.79,  23.92;  HRMS  (ESI): 
calcd  for  C30H50N9O8S  [/W+H]+  696.3503;  found  696.3510. 

Synthesis  of  trisaccharide  16:  A  suspension  of  15  (14.58  g, 
15  mmol),  phenyl  2,3,4,6-tetra-0-benzyl-1-thio-|3-D-galactopyrano- 
side  13  (14.22  g,  22.5  mmol)  and  molecular  sieves  (4  A,  15  g)  in 
CH2CI2  (200  mL)  was  stirred  at  RT  for  1  h  under  Ar.  A  suspension  of 
phenyl  mercury  triflate  (10  g,  23.4  mmol)  and  4  A  molecular  sieves 
(5  g)  in  CH2CI2  (150mL)  was  stirred  for  15  min,  transferred  to  the 
previous  suspension  of  sugars  and  kept  at  RT  for  1  h.  Filtration 
through  Celite  followed  by  purification  by  flash  chromatography 
(hexane/EtOAc  1 00 :1 0  — >  1 00:1 5)  gave  16  as  an  oil  (20.3  g,  90%). 
’H  NMR  (500  MHz,  CDCI3):  7.45-7.05  (m,  55  H),  5.20  (d,  7  =  3.3  Hz,  H- 
C(1 ")),  5.09  (d,  7=11.6  Hz,  PhCH),  5.02  (d,  7=10.7  Hz,  PhCH),  4.92 
(d,  7=12.2  Hz,  PhCH),  4.89  (d,  7=11.4  Hz,  PhCH),  4.88  (d,  7  = 

II. 0  Hz,  PhCH),  4.85  (d,  7=12.2  Hz,  PhCH),  4.83  (d,  7=10.8  Hz, 
PhCH),  4.75  (d,  7=10.8  Hz,  PhCH),  4.73  (d,  7=11.1  Hz,  PhCH),  4.68 
(d,  7=11.5  Hz,  PhCH),  4.67  (d,  7=11.0  Hz,  PhCH),  4.64  (d,  7  = 
11.8  Hz,  PhCH),  4.62  (d,  7=11.9  Hz,  PhCH),  4.58  (d,  7=12.0  Hz, 
PhCH),  4.49  (d,  7=11.4  Hz,  PhCH),  4.44  (brd,  7=8.0  Hz,  2H;  H-C(1), 
H-C(1')),  4.43  (d,  7=11.5  Hz,  PhCH),  4.34  (d,  7=11.4  Hz,  PhCH),  4.33 
(d,  7=12.0  Hz,  PhCH),  4.32  (d,  7=12.0  Hz,  PhCH),  4.28  (d,  7  = 
12.0  Hz,  PhCH),  4.27  (t,  7  =  5.0  Hz,  H-C(5")),  4.24  (d,  7=12.0  Hz, 
PhCH),  4.20  (d,  7=  1 1 .9  Hz,  PhCH),  4.1 1  (dd,  7  =  3.3,  1 0.0  Hz,  H-C(2")), 
3.96  (brt,  7  =  9.0  Hz,  H-C(4)),  3.92  (dd,  7=2.8,  10.0  Hz,  H-C(3")),  3.91 
(d,  7  =  2.5  Hz,  H-C(4")),  3.78  (dd,  7  =  7.8,  9.0  Hz,  H-C(2')),  3.67  (d,  7  = 
3.0  Hz,  H-C(4'));  3.77-3.65  (m,  3H;  H-C(3'),  2H-C(6));  3.56-3.30  (m, 
7 H;  H-C(3),  H-C(2),  2H-C(6"),  2H-C(6'),  H-C(5')),  3.26  (ddd,  7=2.0, 
4.0,  10.0  Hz,  H-C(5));  ,3C  NMR  (75  MHz,  CDCI3):  139.22  (s),  138.99  (s), 
138.72  (s),  138.56  (s),  138.55  (s),  138.53  (s),  138.27  (s,  2C),  138.14  (s, 
2C),  137.46  (s),  128.17-127.00  (several  d),  102.83  (d)  and  102.36  (d, 
C(1),  C(1')),  95.72  (d,  C(1")),  82.91  (d,  C(3)),  81.62  (d,  C(2)),  79.09  (d, 
C(3')),  78.89  (d,  C(3")),  78.02  (d,  C(2')),  76.46  (d,  C(4)),  76.36  (d,  C- 
(2")),  75.38  (t,  PhCH2),  75.09  (d,  C(5)),  74.98  (t,  PhCH2),  74.83  (d, 
C(4')),  74.68  (t,  PhCH2),  74.53  (t,  2PhCH2),  74.20  (t,  2PhCH2),  73.20  (t, 
PhCHJ,  72.96  (t,  PhCH2),  72.91  (d,  C(4"),  C(5')),  72.32  (t,  PhCH2), 
70.83  (t,  PhCH2),  69.12  (d,  C(5")),  68.86  (t,  C(6")),  68.20  (t,  C(6)), 
68.02  (t,  C(6')).  FAB-MS:  calcd  for  C95H98016  [/W+H+Na]2+  1519.7; 
found  1519. 

Synthesis  of  compound  17:  A  suspension  of  16  (16.8  g)  and  solid 
10%  Pd/C  (6.0  g)  in  EtOAc/MeOH/H20/AcOH  (5:5:2:1,  130  mL)  was 
shaken  under  H2  (345  kPa)  for  36  h.  The  mixture  was  filtered 
through  Celite,  and  the  solid  was  washed  with  H20  and  pyridine. 
The  combined  filtrate  was  concentrated.  The  residue  was  dried 
and  dissolved  in  pyridine  (100  mL)  and  treated  with  Ac20  (50  mL) 
and  4-dimethylaminopyridine  (200  mg)  for  12  h.  The  sample  was 
subjected  to  evaporation,  then  coevaporation  with  toluene  and  fi¬ 
nally  FC  (hexane/EtOAc  4:6)  to  afford  the  peracetylated  acceptor 
(10.0  g,  92%).  'H  NMR  (300  MHz,  CDCI3):  6.27  (d,  7  =  3.6  Hz,  0.4H; 
H-C(lci));  5.68  (d,  7  =  8.2  Hz,  0.6H;  C(1  (3));  FAB-MS:  m/z  (%):  989 
(100)  [A4+Na]+,  947  (45),  619  (10),  331  (35). 

Hydrazine  acetate  (350  mg)  was  added  to  a  solution  of  the  above 
intermediate  (2.0  g,  2.07  mmol)  in  DMF  (15  mL)  at  55  °C,  and  the 


mixture  was  stirred  for  5  min  before  water  (20  mL)  was  added.  The 
resulting  solution  was  extracted  with  EtOAc  (1 0  x ).  The  organic 
phase  was  concentrated  and  purified  by  FC  (hexane/EtOAc  3:7 
eluent)  to  give  saccharide  intermediate  with  a  free  reducing  end 
(1.72  g,  89%).  FAB-MS:  m/z  (%):  947.2  (100)  [A4+Na]+,  176  (30). 

1,8-Diazabicyclo[5.4.0]undec-7-ene  (DBU;  0.300  mL,  1.97  mmol)  was 
added  to  a  solution  of  this  compound  (1.70  g,  1.83  mmol)  and  tri- 
chloroacetonitrile  (2  mL,  20.0  mmol)  in  CH2CI2  (10  mL)  at  — 5°C.  The 
reaction  mixture  was  kept  at  0°C  for  2  h,  then  the  resulting  tri- 
chloracetimidate  product  was  isolated  and  purified  by  FC  (hexane/ 
EtOAc  3:2)  to  yield  17  (1.48  g,  75%)  as  a  foam.  'H  NMR  (300  MHz, 
CDCI3):  8.67  (s,  NH),  6.49  (d,  7=3.9  Hz,  H-C(1)),  5.58  (t,  7=9.6  Hz,  H- 
C(3)),  5.47  (brd,  7=3.0  Hz,  H-C(4')),  5.35  (brd,  7  =  3.0  Hz,  H-C(4")), 
5.28  (dd,  7  =  3.0,  10.0  Hz,  H-C(3")),  5.26  (brs,  H-C(1")),  5.20  (dd,  7= 
7.9,  10.3  Hz,  H-C(2')),  5.14-5.08  (m,  H-C(2")),  5.07  (dd,  7=3.8, 
10.1Hz,  H-C(2)),  4.47  (d,  7=8.0  Hz,  H-C(l)),  4.46  (dd,  7=2.0, 
12.0  Hz,  1  H;  H-C(6)),  4.24-4.05  (m,  7H),  3.92-3.79  (m,  3H),  2.17  (s, 
3 H),  2.15  (s,  3 H),  2.14  (s,  3 H),  2.10  (s,  3H),  2.08  (s,  6H),  2.07  (s,  3H), 
2.06  (s,  3  H),  2.02  (s,  3H),  1.96  (s,  3H);  FAB-MS:  m/z  (%):  1092.1 
(100)  [M+Na]+,  989  (55). 

Synthesis  of  compound  18:  A  suspension  of  17  (1.45  g, 
1.357  mmol),  H-(OCH2CH2)4-N3  (220  pL)  and  molecular  sieves  (4  A, 
1.93  g)  in  CH2CI2  (30  mL)  was  stirred  at  room  temperature  for  1  h, 
cooled  in  an  ice-acetone  bath,  and  treated  with  BF3-OEt2  (0.8  mL, 

6.5  mmol).  The  reaction  mixture  was  stirred  at  RT  for  2  h,  treated 
with  Et3N  for  10  min,  and  purified  directly  by  FC  (hexane/EtOAc 
3:7)  to  give  18  (790  mg,  58%)  as  an  oil.  ’H  NMR  (300  MHz,  CDCI3): 
5.45  (brd,  7  =  2.9  Hz,  H-C(4")),  5.32  (brd,  7  =  3.0  Hz,  H-C(4')),  5.26 
(dd,  7  =  3.3,  10.5  Hz,  H-C(2")),  5.24  (d,  7=3.0  Hz,  H-C(1")),  5.21  (t,  7= 
9.4  Hz,  H-C(3)),  5.16  (dd,  7  =  8.0,  10.1  Hz,  H-C(2')),  5.09  (dd,  7=3.1, 
10.0  Hz,  H-C(3")),  4.92  (dd,  7=7.9,  9.4  Hz,  H-C(2)),  4.56  (d,  7  =  7.7  Hz, 
H-C(1)),  4.50  (dd,  7=2.0,  12.1  Hz,  H-C(6)),  4.42  (d,  7  =  7.9  Hz,  H- 
C(1')),  4.23-4.00  (m,  6H),  4.00  (ddd,  7  =  3.3,  4.8,  13.3  Hz,  1 H; 
OCH2CH2N3),  3.83  (dd,  7=3.0,  9.0  Hz,  H-C(3')),  3.80  (brt,  7  =  5.0  Hz, 
H-C(5')),  3.81  (t,  7  =  9.4  Hz,  H-C(4)),  3.68  (ddd,  7=3.3,  8.1,  13.5  Hz, 
1  H;  OCH2CH2N3),  3.63  (ddd,  7  =  2.0,  5.0,  10.0  Hz,  H-C(5)),  3.46  (ddd, 
7  =  3.5,  8.5,  13.4  Hz,  1  H;  CH2N3),  3.26  (ddd,  7  =  3.3,  4.7,  13.2  Hz,  1  H; 
CH2N3),  2.12  (s,  3  H),  2.11  (s,  6H),  2.08  (s,  3H),  2.04  (s,  3  H),  2.03  (s, 
6  H),  2.02  (s,  6H),  1.92  (s,  3H);  13C  NMR  (75  MHz,  CDCI3):  170.2  (s), 
170.1  (s),  170.0  (s),  169.94  (s),  169.91  (s),  169.7  (s),  169.5  (s),  169.5 

(s) ,  168.6  (s),  100.8  (d,  C(1 ')),  100.1  (d,  C(1)),  93.1  (d,  C(1")),  75.7  (d, 
C(3')),  72.64  (d,  C(3)),  72.61  (d,  C(5)),  72.5  (d,  C(4)),  71.3  (d,  C(2)), 

70.5  (d,  C(5')),  69.5  (d,  C(2')),  68.4  (t,  OCH2),  67.4  (d,  C(4")),  66.9  (d, 
C(3")),  66.6  (d,  C(5")),  66.2  (d,  C(2")),  64.4  (d,  C(4')),  61.5  (t,  C(6)), 
61.0  (t,  C(6')),  60.8  (t,  C(6")),  50.23  (t,  CH2N3),  20.57(q),  20.56  (q), 
20.52  (q),  20.47  (q,  2C),  20.44  (q),  20.39  (q),  20.37  (q),  20.34  (q), 
20.36  (q);  FAB-MAS:  m/z  (%):  1016  (100)  [M+Na]+,  619  (15),  331 
(25),  169  (25). 

Synthesis  of  azido  sugar  19:  A  solution  of  18  (897  mg,  0.83  mmol) 
in  MeOH  (30  mL)  was  treated  with  a  solution  of  NaOMe  (0.8  m, 
1  mL)  at  RT  for  12  h.  The  mixture  was  neutralized  with  Amberlite 
IR-120  and  filtered.  The  filtrate  was  concentrated  to  give  19  as  a 
solid  (580  mg,  99%).  ’H  NMR  (300  MHz,  D20  +  ca.  0.1%  MeOH): 
4.95  (d,  7  =  3.8  Hz,  H-C(1 ")),  4.33  (d,  7=7.7  Hz,  2H;  H-C(1),  H-C(1 ')), 
4.05-3.35  (m,  32H),  3.32  (brt,  7=4.4  Hz,  2H;  CH2N3);  13C  NMR 
(75  MHz,  D20  +  ca.  0.1%  MeOH):  103.03  (d)  and  102.27  (d,  C(1), 
C(1')),  95.60  (d,  C(1 ")),  78.77  (d),  77.37  (d),  75.21  (d),  74.90  (d),  74.54 
(d),  72.96  (d),  70.98  (d),  69.85  (t),  69.84  (t),  69.78  (t),  69.74  (t),  69.64 

(t) ,  69.47  (d),  69.39  (t),  69.30  (d),  68.89  (t),  68.38  (d),  64.98  (d),  61.16 
(t)  and  61.14  (t)  and  60.31  (t,  C(6),  C(6'),  C(6")),  50.31  (t,  CH2N3); 
MALDI-MS:  calcd  for  C26H47N3019Na:  728.3  [/W+Na]+;  found  728. 
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Synthesis  of  amino  sugar  20:  A  suspension  of  19  (580  mg, 
0.82  mmol)  and  20%  Pd(OH)2/C  (200  mg)  in  MeOH  (15  mL)  and 
AcOH  (0.2  mL)  was  kept  under  H2  (354  kPa)  for  8  h.  The  suspension 
was  filtered,  and  the  filtrate  was  evaporated  to  give  20  (520  mg, 
98%)  as  an  oil.  'H  NMR  (300  MHz,  D20  +  ca.  0.1%  MeOH):  4.93  (d, 
7  =  3.6  Hz,  H-C(1 ")),  4.32  (d,  7= 7.9  Hz)  and  4.31  (d,  _/=7.5Hz,  H- 
C(1),  H-C{1 ')),  4.05-3.35  (m,  32H),  3.01  (t,  7=4.8  Hz,  2H;  CH2N); 
13C  NMR  (75  MHz,  D20  +  ca.  0.1  %  MeOH):  103.00  (d)  and  102.20  (d, 
C(1),  C(1 ')),  95.56  (d,  C(1 ")),  78.70  (d),  77.31  (d),  75.18  (d),  74.88  (d), 
74.54  (d),  72.92  (d),  70.96  (d),  69.77  (t,  3C),  69.66  (d),  69.59  (t),  69.53 
(t),  69.43  (d),  69.27  (d),  68.88  (t),  68.35  (d),  66.49  (t),  64.94  (d),  61.15 
(t),  61.06  (t)  and  60.23  (t,  C(6),  C(6'),  C(6")),  39.25  (t,  CH2NH2); 
MALDI-MS:  calcd  for  C26H49NO,9:  680.3  [M+H]+;  found  680. 

Synthesis  of  carbohydrate  21:  Trisaccharide  20  (27  mg, 

0.034  mmol)  was  dissolved  in  a  mixture  of  MeOH  and  H20  (2:1, 
1  mL).  Dimethylsquarate  (7  mg,  0.05  mmol)  and  Et3N  (6  pL, 
0.4  mmol)  were  added  to  this  solution,  and  the  mixture  was  stirred 
for  24  h.  Removal  of  the  solvents  under  reduced  pressure  and  pu¬ 
rification  of  the  residue  by  FC  (Me0H/CH2CI2/H20  1. 5:3:0. 2)  provid¬ 
ed  21  (19  mg,  69%)  as  a  white  solid.  'H  NMR  (300  MHz,  CD3OD/ 
D20,  ca.  1:2  mixture  of  rotamers  about  vinylogous  amide):  <5=4.98 
(d,  7= 3.7  Hz,  1  H),  4.34  (dd,  7=  7.5,  2.7  Hz,  2  H),  4.22  and  4.21  (s,  3  H 
total,  rotamers),  4.02  (m,  2H),  2.85-2.26  (m,  30 H),  3.19  (m,  2H); 
13C  NMR  (75  MHz,  CD30D/D20,  ca.  1 :2  mixture  of  isomers  about  vi¬ 
nylogous  amide  bond):  <5  =  189.98,  184.70,  184.63,  178.85,  178.57, 
174.59,  174.52,  104.12,  103.34,  96.70,  79.95,  78.53,  76.22,  75.94, 
75.60,  73.99,  72.00,  70.81,  70.55,  70.36,  69.84,  69.44,  66.05,  62.13, 
61.99,  61.37,  45.23,  44.99;  LRMS  (MALDI):  calcd  for  C31H51NNa022S: 
812.3  [/M+Na]+;  found  812.2. 

Synthesis  of  conjugate  1  c:  Peptide  1  b  (1.8  mg,  2.6  pmol)  and  sac¬ 
charide  21  (2.5  mg,  3.1  pmol)  were  dissolved  in  borate  buffer 
(160  pL,  50  mM,  pH  9),  and  the  mixture  was  stirred  at  RT  for  30  h.  A 
solution  of  HOAc  in  H20  (0.2  m,  50  pL)  was  added,  and  the  reaction 
mixture  was  purified  by  HPLC  to  yield  1c  (2.5  mg,  71%).  'H  NMR 
(500  MHz,  D20):  <5  =  7.47  (s,  1  H),  7.37  (s,  1  H),  7.30  (s,  1  H),  5.12  (s, 
7  =  4  Hz,  1  H),  4.64  (t,  7  =  6.7  Hz,  1  H),  4.54  (m,  2H),  4.48  (d,  7  = 
7.4  Hz,  1  H),  4.44  (d,  7  =  7.2  Hz,  1  H),  4.34-4.14  (m,  5H),  4.03-3.91 
(m,  4H),  3.88-3.82  (m,  2H),  3.81-3.51  (m,  28  H),  3.30  (m,  1  H),  3.17 
(m,  2  H),  2.98  (ABX,  7AB  =  17  Hz,  7AX=6.3  Hz,  1  H),  2.81  (m,  2H),  2.76 
(ABX,  7AB=17  Hz,  7bx  =  7.4  Hz,  1  H),  2.04  (m,  2H),  1.97  (m,1  H),  1.70- 
1.51  (m,  3 H),  1.54  (d,  7  =  7.2  Hz,  3H);  LRMS  (MALDI):  m/z  calcd  for 
C56H87N10O28:  1347.6  [M+H];  found  1347.3;  HRMS  (ESI):  calcd  for 
C56H87N10NaO28:  685.2795  [/W+H+Na]2+;  found  685.2875. 

Synthesis  of  conjugate  2d.  Inhibitor  2c  (2.1  mg,  2.6  pmol)  and 
saccharide  21  (2.7  mg,  3.4  pmol)  were  dissolved  in  borate  buffer 
(160  pL,  50  mM,  pH  9)  and  mixed  at  RT  for  29  h.  A  solution  of 
AcOH  in  H20  (0.2  m,  50  pL)  was  added,  and  the  mixture  was  puri¬ 
fied  by  HPLC  to  yield  2d  (2.5  mg,  66%).  'H  NMR  (500  MHz,  D20): 
<5  =  6.76  (s,  2  H),  5.14  (d,  7=3.5  Hz,  1  H),  4.50  (dd,  7=9.7,  8.2  Hz, 

1  H),  4.18  (m,  2H),  4.08-3.92  (m,  7H),  3.88-3.47  (m,  36  H),  3.39-3.13 
(m,  1 2 H),  2.54  (s,  6H),  2.51  (t,  7  =  8.2  Hz,  2H),  2.42  (t,  7=6.7  Hz, 

2  H),  2.08  (m,  2H),  1.86  (p,  7=7.2  Hz,  2H),  1.72  (p,  7=6.7  Hz,  2H); 

LRMS  (MALDI):  calcd  for  C60H97N,0O29S  1453.6  [/W+H]+;  found 
1453.6;  HRMS  (ESI):  calcd  for  C60H97N10NaO29S  738.3021 

[/W+H+Na]2+;  found  738.3005. 

Synthesis  of  conjugate  3c:  Peptide  3a  (3.5  mg,  5.8  pmol)  and  sac¬ 
charide  21  (4.8  mg,  6.0  pmol)  were  dissolved  in  borate  buffer 
(350  pL,  50  mM,  pH  9),  and  the  mixture  was  stirred  at  RT  for  3  days. 
A  solution  of  HOAc  in  H20  (0.2  m,  200  pL)  was  added,  and  the 
product  was  purified  by  HPLC  to  yield  3c  (3.5  mg,  44%).  ’H  NMR 
(500  MHz,  D20):  <5  =  7.34  (t,  7  =  6.8  Hz,  2H),  7.28  (t,  7=6.8  Hz,  1  H), 


7.23  (d,  7  =  6.8  Hz,  2H),  5.14  (d,  7=3.9  Hz,  1  H),  4.76  (dd,  7=7.8, 
6.4  Hz,  1  H),  4.61  (dd,  7=10,  6.5  Hz,  1  H),  4.5  (dd,  7=  7.4,  3.9  Hz,  2  H), 
4.35  (dd,  7  =  8.7,  5.7  Hz,  1  H),  4.19  (m,  3H),  4.08-3.47  (m,  34H),  3.33 
(m,  1  H),  3.18  (m,  2H),  3.06  (ABX,  7AB=13.1  Hz,  7AX  =  6.2  Hz,  1  H), 
2.96  (ABX,  7ab=  1 3.1  Hz,  7BX  =  6.2  Hz,  1  H),  2.91  (ABX,  7AB  =  16.9Hz, 
7ax  =  7.7  Hz,  1  H),  2.72  (ABX,  7AB  =  1 7.0  Hz,  7BX  =  6.2  Hz,  1  H)  1.86  (m, 
1  H),  1.66  (m,  2  H),  1.51  (m,  5H),  1.02  (m,  1  H);  LRMS  (MALDI):  m/z 
calcd  for  C57H89N10O28:  1361.6  [/W+H];  found:  1361.3;  HRMS  (ESI): 
m/z  calcd  for  C57H89N10NaO28:  692.2864  [A4+H+Na]2+;  found: 
692.2873. 

Integrin-binding  assay:  WM115  cells  were  trypsinized  and  resus¬ 
pended  at  1.25x106  cells  per  mL  in  PBS,  and  BCECF-AM 
(2.5pgmL~')  was  added  for  30  min  at  37°C.  Cells  were  washed 
and  diluted  to  4x105  cells  per  mL  in  "binding  buffer",  which  con¬ 
sisted  of  BSA  (1.5%),  glucose  (5  mM),  MgCI2  (1.5  mM),  and  MnCI2 
(1.5  mM)  in  Tris-buffered  saline  (TBS),  pH  7.2,  for  60  min  at  4°C. 
Cells  were  then  diluted  to  5x103  cells  per  mL.  Previously,  V-bottom 
96-well  microtiter  plates  had  been  coated  with  fibrinogen  (100  pL, 
1  pgmL-1)  overnight  at  4°C.  The  solution  was  aspirated,  and  the 
plates  were  blocked  with  a  "blocking  buffer",  which  consisted  of 
BSA  (1.5%)  and  Tween-20  (0.5%)  in  Na2C03  (25  mM,  pH  9.6),  for  2  h 
at  RT.  This  solution  was  removed,  and  the  wells  were  washed  with 
binding  buffer  (3x).  BCECF-AM-labeled  cells  (5000  cells  per  well)  in 
binding  buffer  were  added  to  washed  wells  with  or  without  com¬ 
pound.  The  plates  were  incubated  for  15  min  at  37  °C  and  then 
centrifuged  at  1830g  for  10  min  in  an  Allegra  6KR  centrifuge 
(Beckman  Coulter,  Fullerton,  CA).  Nonadherent  cells  were  quanti¬ 
fied  on  an  EnVision  2100  plate  reader  (Perkin-Elmer,  Boston,  MA) 
set  in  bottom  reading  mode. 

Each  experiment  was  performed  in  triplicate  and  contained  a  mini¬ 
mum  of  eight  concentrations  of  compounds  in  addition  to  wells 
coated  with  fibrinogen  that  contained  no  compound  and  untreat¬ 
ed  wells  blocked  with  BSA.  The  percent  inhibition  was  defined  as: 

FI  inhibitor  ^  ^fibrinogen 

f  ho  fibrinogen  F  fibrinogen 

where  Flinhibitor  is  the  fluorescent  signal  in  the  presence  of  fibrino¬ 
gen  and  inhibitor,  Flfibrinogen  is  the  signal  with  no  inhibitor  present 
(minimum  signal)  and  Flno  fibrinogen  is  the  signal  in  the  absence  of 
fibrinogen  (maximum  signal).  For  each  experiment,  the  maximal 
percent  inhibition  was  normalized  to  100  percent.  IC50  values  were 
determined  by  averaging  the  percent  inhibitions  for  at  least  three 
separate  experiments  and  fitting  the  resulting  curve  with  the  fol¬ 
lowing  equation: 

_  ^max  Flmjn 

y  “  1  +  (x/IC5o)Sl°Pe  +  FI mal< 

Fits  were  performed  in  ProFit  by  using  individual  y  errors  (standard 
deviation)  and  assuming  a  5%  error  in  the  x  values.  Initial  fits  were 
obtained  by  using  a  Monte  Carlo  fitting  routine  for  a  minimum  of 
80000  iterations.  Final  fits,  including  errors,  were  obtained  by 
using  a  Levenberg-Marguardt  fitting  routine. 

Anti-Gal  antibody  binding:  Near  confluent  M21  cells  were  harvest¬ 
ed,  washed,  counted,  and  resuspended  at  a  density  of  4x1 05  cells 
per  mL  for  activation  in  binding  buffer  for  60  min  at  4°C.  Cells 
were  then  diluted  to  2x105  cells  per  mL  and  incubated  with  com¬ 
pound  2d  (10  nM)  on  ice  for  60  min.  Cells  were  washed  with  bind¬ 
ing  buffer  and  resuspended  in  a  20%  solution  of  heat-inactivated 
human  serum  (HIHS)  obtained  from  a  healthy  donor  with  signed 
consent.  After  a  30-60  min  incubation  on  ice,  cells  were  washed 
and  incubated  again  at  4°C  with  fluorescein-conjugated  goat  anti- 
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human  IgG  antibody  (5(igmL~')  for  30  min.  Finally,  propidium 
iodide  (5  ixgmL-1)  was  added  to  identify  dead  cells,  and  the  popu¬ 
lation  was  immediately  analyzed  for  fluorescence  by  using  a  FACS- 
Calibur  flow  cytometer  (Becton  Dickinson,  San  Jose,  CA).  Data  were 
analyzed  by  using  CellQuest  software  (Becton  Dickinson,  San  Jose, 
CA).  Omitting  the  bifunctional  conjugate  allowed  the  background 
fluorescence  intensity  to  be  assessed.  Binding  experiments  were 
repeated  in  triplicate. 
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